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PREFACE 


Section IV.— Boilers and Prime Movers— 

1. Steam-Boilers. 

2. Steam-Engines and other Prime Movers. 

3. Feed-Pumps, Condensers, Economizers, &c. 

Section V.— Miscellaneous Applications of Electricity— 

1. Electrochemistry and Electrometallurgy. 

2. Telegraphy. 

3. Telephony. 

4. Electricity in Mining. 

5. Electric Cranes. 

6. Electro-Medical Appliances. 

7. Modern Electrical Appliances employed in the operation of 

Railways. 

The question of notation and units has been considered, but 
I thought it, meantime, advisable not to restrict the contributors 
to any fixed set. Hence rises of temperature are given sometimes 
in degrees Fahrenheit and sometimes in degrees Centigrade; 
dimensions of machines occasionally in feet and inches, but more 
often in centimetres; magnetic flux density in lines per square 
inch in one article, and in lines per square centimetre in another. 
The relations between the C.G.S. system of units and the F.P.S. 
system of units will be found on page 5 and following pages. 

In the case of one or two of the topics discussed I have 
retained the slight overlapping of treatment observable, deeming 
it rather an advantage in these particular instances, as each con¬ 
tributor deals with the subject from a different point of view, and 
hence to the benefit of the reader. 

My cordial thanks are due to the authors for their hearty 
co-operation, and for their readiness to accept suggestions made 
with a view to the symmetrical arrangement and completeness of 
the whole treatise. 

I have also to acknowledge gratefully the willingness with 
which manufacturers supplied prints, tracings, and blocks of the 
various pieces of apparatus described in the text. 


MAGNUS MACLEAN. 
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I. Electric and Magnetic Measurements 


CHAPTER I 

MAGNETIC UNITS 

Introduction.—Perhaps not the least striking feature of our present 
knowledge of electromagnetic phenomena, and of the numerous important 
applications of that knowledge to electric lighting, electric traction, electri¬ 
cal power transmission, telegraphy, telephony, and many other branches 
of engineering, is the comparative suddenness with which such knowledge 
has been acquired and applied to useful purposes. Very little reflection is 
needed to convince the most unimaginative of persons that the conditions 
of modern everyday life would, to one living about a century ago, have 
appeared well-nigh impossible, and resembling the product of some wild 
romancer’s dream rather than the facts of sober reality. Yet the wonderful 
transformation witnessed by the nineteenth century has been accomplished 
within a period whose duration, regarded from the historical point of view, 
is almost negligible. It is practically to a single century that we owe 
the existence of modern electrical science. 

The knowledge of the ancients regarding electrical and magnetic, and, 
indeed, all physical phenomena, was extremely limited. The use of the 
mariner’s compass in the far East is said to date very far back, although 
in Europe it seems to have been unknown until about the twelfth century. 
The magnetic properties of the lodestone and artificial magnets, and the 
electrical properties of amber when subjected to friction, were known to 
the ancient Greeks and Romans. During the Middle Ages, wild specu¬ 
lations regarding electrical and magnetic phenomena were rife, and very 
little advance was made until the appearance, in the sixteenth century, 
of Dr. Gilbert of Colchester’s great treatise, De Mag^iete, which laid the 
foundation of the modern sciences of electricity and magnetism. In 1791 
Galvani published a book in which he gave an account of his remarkable 
researches on the physiological effects produced under certain conditions 
by weak electrical stimuli. The year 1800 is memorable as the date 
of Volta’s epoch-making discovery, and his invention of the “crown of 
cups”. The phenomenon of the electric arc became known soon afterwards. 
In 1820 Oersted discovered the magnetic effect of the electric current, 
and this was followed by the discovery, in 1822, of thermo-electricity 
by Seebeck. In 1827 Ohm published the law known by his name. The 
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year 1831 ranks as one of the most important in the history of electiica! 
discovery: two brilliant experimenters Michael Faraday in England 
and Joseph Henry in America—independently and almost simultaneously 
discovered the fact that an electric current could be produced by other 
than chemical means, namely, by the relative motion of a magnet and 
a conductor. It is a knowledge of this latter fact that_ has rendered the 
production of large electric currents commercially possible. 

Useful practical inventions soon followed in the wake of the brilliant 
scientific discoveries to which we have briefly referred. In 1825 Sturgeon 
constructed the first soft-iron electromagnet. In 1837 Cooke and Wheat¬ 
stone introduced their needle-telegraph. The art of dynamo construction 
received a powerful impulse in 1870, when Gramme introduced his machine 
with a smooth-core ring-wound armature. The invention of the first 
telephone by Philip Reis in 1861, of the magnetotelephone by Graham 
Bell in 1876, and of the microphone by Hughes in 1878, laid the founda¬ 
tions of modern telephony. In 1879 Swan succeeded in constructing the 
first carbon glow-lamp, thus solving the hitherto unsolved problem of 
the “subdivision” of the electric light. Within the last quarter of a 
century developments have taken place in the various practical applications 
of the electric current which have not only completely revolutionized many 
existing branches of engineering, but have also created new industides, 
whose rapid progress is unparalleled in the history of applied science. 

. This rapid progress is undoubtedly due to the use, almost from the 
birth of the electrical industry, of scientific methods and a scientific system 
of units, both of which have largely contributed to the advance of electro¬ 
technology by rendering accurate measurements possible. The introduc¬ 
tion (in 1832) of the present system of “absolute” units we owe to Gauss. 
Gauss’s proposal was followed up by W. Weber, who devised the two 
sj'stems of units known as the “ electrostatic ” and “ electromagnetic ” ones. 
Weber’s work w-as strongly supported and extended by William Thomson 
(afterwards Lord Kelvin), and it was largely owing to his exertions that 
a committee of the British Association was appointed in 1861 for the 
purpose of dealing with the subject of electrical units. 

The importance to every student of electrical science of an exact 
knowledge of electrical units and their mutual relationship can hardly 
be over-estimated. In what follows we shall attempt to furnish the reader 
with a connected account of the present practical system of electrical units, 
to explain how the more important electrical and magnetic measurements 
may be carried out, and to describe the instruments employed in such 
measurements. 


_ Bjniamcal TJmts in the C.G.S. System,—In order to facilitate calcula- 
tions it is extremely convenient to choose our system of physical units so 
that there is a definite simple connection between them, and that the use 
of awkward multipliers and divisors is eliminated. Not only is the purely 
arithmetical part of many problems thereby simplified, but the memory 
is relieved of the burden of numerous unnecessary “ constants ” Our 
meaning will be rendered clear by a simple example. In the British 
system, if we take the unit of volume to be a cube.whose edge is i foot, 
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then the mass of a unit volume of water will be 62.4 lbs. Hence an 
engineer, in dealing with hydraulic problems, always has to bear in mind 
the constant 62.4, which reduces cubic feet to lbs. of water. In the metric 
system, however, the unit of mass is taken, to be that of unit volume of 
water, and the use of an awkward factor is thereby done away with. The 
same principle is followed throughout in the system of magnetic and 
electrical units known as the “C.G.S. electromagnetic’’ system. 

In building up a system of physical units on this principle, it is found 
necessary to choose arbitrarily thi'ee units as a basis of the system; all the 
$ other units may then be very simply derived from the three whose magni¬ 

tudes have been arbitrarily fixed, and which are called the funda¬ 
mental units. If we attempted to choose more than three, say four, 
units arbitrarily^ then we should find that such a random choice of the 
magnitudes of four units would no longer enable us to maintain the 
simplicity aimed at, and inconvenient constants would be introduced in 
referring the other units to the four chosen at random. A 7 iy three units 
might be selected as the fundamental units; but for the sake of simplicity 
and convenience, the three units which have been adopted as f mdarnental 
units are those of lengthy mass, and time. Not only are these units known 
to everybody, but measurements in terms of them are, in common every¬ 
day life as well as in scientific investigations, more frequent than any other 
measurements. All other physical units may now be derived from the 
three fundamental units, and are for this reason termed derived units. 

The unit of length is the centimetre', i centimetre = .3937 inch, and 
I inch = 2.54 cms. 

From the unit of length we at once derive the units of area and 
volume: the unit of area being the area of a square whose side is i cm., 
and the unit of volume the volume of a cube whose edge is i cm. 

The unit of mass is the gramme', this represents the mass of a cubic 
cm. of water at its point of maximum density (about 4° C.). The ad¬ 
vantage of so selecting the unit of mass is that the volume of any given 
space, in cubic cms., also corresponds to the mass of an equal volume of 
water (at 4° C.). ^ 

One pound avoirdupois = 4S3.59 (or, in round numbers, 454) grammes. 
The unit of time is the seco 7 id, which is defined as a certain fraction 
of the mean solar day. 

From the units of length and time we derive the kinematical units 
of velocity —i centimetre per second—and of acceleration —i cm. per sec. 
per sec.—respectively. 

We have next to consider the following dynamical units:— 

Force Uiiit.—Th^ unit of force, called the dyne, is a force producing 
an acceleration of i cm. per sec. per sec. in a mass of i gramme. Other¬ 
wise, it represents the force which, if allowed to act for one second on 
a mass of i gramme, originally at rest, will impart to it a velocity of 
I cm. per sec. 

If a mass of i gramme be allowed to fall freely under the action of 
its own weight at the earth’s surface, it is found to move with an accele¬ 
ration of 981 cms. per sec. per sec. Hence the gravitational pull exerted 
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bv the earth on a mass of i gramme, or weight of a gramme-mass 
is equal to 981 dynes. The gramme-weight is the gravitational unit of 
force and is, as we have just seen, much larger than the absolute uni . 

Work The absolute unit of work is the erg, and is the work 

done by a force of i dyne acting through a distance (in its own direction) 

of I centimetre. . . ^ in* . a 

The British engineer’s unit of work is the foot-pound. Since i pound- 

weight = 4 ';^S 9 grammes-weight, and i gramme-weight = 981 dynes, 
I pLnd-weight = 453-59 X 98 1 dynes. Since, further, i foot - 12 x 
'>L cms., we see that i foot-pound = 453-59 X 981 X 12 x 2.54,^ or 
about 13.56 million ergs. The erg is thus an extremely small fraction 

of a foot-pound. _ . .1 ^ r 

Activity or Power Unit —^The unit of activity or power is the rate 01 

doing I erg of work per sec. This unit has not received any special 

The British engineer’s unit of power is the horse-power, which cor¬ 
responds to 550 foot-pounds per sec. Hence i horse-power = SS^ X 
13.56 X 10 ^ or 746 X 10^ ergs per sec. 

Magnetic Units.—We are now in a position to apply the dynamical 
units derived above to the definition of some important magnetic units in 


the absolute C.G.S. system. 

A magnetized piece of iron or steel possesses th^ property of attracting 
pieces of iron, steel, and certain other magnetic materials (cobalt, nickel, 
and a few compounds). It also possesses the property of taking up a 
definite position when suspended or pivoted horizontally so as to be 
capable of rotation about a vertical axis. The end of the magnet 
which points approximately north is termed the north-seeking or north 
pole of it; the other end being termed the south-seeking or south pole. 
The property of attraction is mainly confined to the poles or ends of the 
magnet. Experiment shows that the north ends or south ends of two 
magnets repel each other, while a north end attracts a south end. 

In order to enable us to study qumititatively the laws’ of magnetic 
attraction and repulsion, it becomes necessary to define a unit magnetic 
foie (also called unit quantity of magnetism). If we attempt to isolate 
a single magnetic pole by breaking a magnet, we find that this merely 
results in the production of two complete magnets, each with a north 
and south pole. In order to enable us to study the effects due to a 
smgle pole, we have to use an extremely long magnet. If then we 


*<•1 CM ?* 

Fig. I 

confine our attention to points in the immediate neighbourhood of one of 
the poles, the effect due to the other may, on account of its distance, 
be neglected. 

Imagine, then, two very long magnets,' similar in every respect, placed 
in line, and with their like poles facing each other, as in fig. i, and let suit¬ 
able arrangements be provided for measuring accurately the force exerted 
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between them when the poles are i cm. apart.^ Suppose, further, that 
by suitable means we are able to vary simultaneously and equally the 
degree of magnetization of the two magnets, and let this be so adjusted 
that the repulsion between them amounts exactly to i dyne. We then 
agree to say that each pole is a ufiit magnetic pole. Hence the following 
definition:— 

A unit magnetic pole is one which, when placed at a dista7ice of i cm, 
from an equal pole, acts on it with a force of i dyne, the intervening 
medium being supposed to be air. 

If we suppose that a unit pole is placed at a distance of i cm. from 
another pole, and that the force exerted between them amounts to m 
dynes, we should say that the strength of the second pole is m. From 
this definition it follows that the force exerted between two poles varies 
as the product of their pole-strengths. 

As a result of experiment, we find that the force exerted between 
two poles of given pole-strength varies inversely as the square of the 
distance between them?^ 

Consider a straight bar magnet of pole-strength m, and let the dis¬ 
tance between the poles be /. Then the product m I is termed the 
magnetic moment of the magnet. 

If V be the volum^e of the magnet, then is the intensity of mag-- 

netization (or magnetization simply) of the magnet (= magnetic moment 
per unit volume). 

Let a = area of cross-section of the magnet. Then since v ^ la, 

m I m I m • • 

we have — = , i.e. the intensity of magnetization may also 

V I a a 

be defined as the pole-strength per unit of area of cross-section of the 
magnet. 

If we imagine a unit north pole {i.e. one end of a very long magnet of 
unit pole-strength) placed at any point of space, then, on account of the 
earth’s magnetic’ action, or that due to magnets in the neighbourhood, 
or to conductors conveying electric currents, the unit pole will experience 
a force of definite magnitude and direction, which is defined to be the 
magnetic intensity^ (or magnetic force) at that point. 

Any region throughout which magnetic force is^ exerted is termed a 
magnetic field, and the magnetic force or intensity is sometimes called 
field mtensity. 

Any line drawn so that the direction of the tangent to it at every 


^ The medium surrounding the magnets is supposed to be air, and their lengths are assumed to 
be very great in comparison with i cm., so that the action due to the distant poles s s may be left 
out of consideration. 

2 The law of the inverse square of the distance is sometimes called the law of nature, on account 
of its very general applicability. It holds not only for magnetic, but also for gravitational and 
electric attractions and repulsions, and in other cases. The researches which led up to the experi¬ 
mental verification of this law are fairly numerous, the most important being those of Coulomb and 
Gauss, especially the latter. A detailed account of Gauss’s proof will be found in J. J. Thomsons 
Elements of the Mathematical Theory of Electricity and Magnetism (Cambridge University Press). 

3 Magnetic intensity (more generally called magnetic force) must be carefully distinguished from 
intensity of magnetization. 
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ooint '-ives the direction of the magnetic force at that is called a 

force. It is obvious from this definition that a line of 
magnitic force is the_ curve which would be traced out by a magnetic 

nole if free to move in the field.. _ 

^ Vn infinite number of magnetic lines might be drawn m any given 
reo-ion For purposes of measurement, however, it is convenient to adopt 
r-conieMion according to which the number of lines is regarded » 
limited. Let a surface be drawn through any given point so as to be 
everywhere at right angles to the direction of the lines. Then simply 
as a convenient way of expressing certain facts—we agree to say that 
the number of lines passing through a square centimetre of the surface 
in the immediate neighbourhood of the point is numerically equal to the 
magnetic force (or intensity) at that point.^ Thus, magnetic force, field 
intensity, and number of lines per square centimetre of a surface drawn at 
right angles to the lines, are all equivalent expressions. ^ 

Consider now the lines of force due to a unit north magnetic pole 
Since another unit pole if placed in its neighbourhood would experience 

a force which is along the line join- 
ing the two, it follows that the lines 
of force due to the unit pole are every¬ 
where radial, as shown in fig. 2. In 
order to ascertain their munber, ac¬ 
cording to the convention explained 
above, imagine a spherical surface 
^ described of i cm. radius and having 
the unit pole for its centre. It is 
evident that every line which pro¬ 
ceeds from the unit pole cuts the 
spherical surface, so that the total 
number of lines to which the unit 
^ pole gives rise is equal to that cross¬ 

ing the spherical surface. Now (by 
the definition of unit pole and unit field intensity) the field intensity at 
every point of the spherical surface is unity; and since this surface is 
everywhere at right angles to the lines, it follows that one line passes 
through every square cm. of the surface. But the total surface has an 
area of 4'7r square cms.^ Hence a imit pole gives rise to 4. ir lines. 

Our next magnetic unit, that of difference of magnetic potential, is one 
of extreme importance. Consider any two points in space, A and B, 
fig. 3, and let a unit north magnetic pole* be transferred along any path, 
such as ACB, from A to B, against the action of any magnetic forces 
which may happen to exist in that region. In moving the unit pole 
from A to B against the action of the magnetic forces, a definite amount 


^ Instead of speaking of magnetic lines, some writers prefer the expression tules of magnetic force. 
A tube of force may be defined as a tubular surface so drawn that the lines of force lie along it at every 
point. 

^ The medium being supposed to be an air space. 

5 The area of a sphere is 4 n- r-, r being the radius {— 1 in the case considered). 
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of work will be done. This is t^idependent of the path joining* the two 
points, and (expressed in ergs per unit pole) is defined to be the 
difference of magnetic potential between A and B. If the work done is 
positive, i.e, requiring expenditure of energy, B is said to be at a higher 
magnetic potential than A; but if the work 
is negative— i,e, if the magnetic forces them¬ 
selves tend to produce the transference from 
A to B, then A is said to be at a higher 
potential than B. Otherwise, a unit north 
pole tends to move from places of high to 
places of low potential. 

In order to determine the total amount 
of work done, we may imagine the path ACB 
divided up into a large number of small 
parts or elements, such as E F. By resolving 
the magnetic force into two components, one along, and the other at right 
angles to E F, and taking the product of the length of E F and the com¬ 
ponent of magnetic force along it, we get the work done in moving over 
the distance EF. The sum of all such products will give the magnetic 
potential difference (or P.D.) between A and B. • It is obvious from this that 
the mean value of the magnetic force along any curve is equal to the difference 
of magnetic potential between its endsy divided by the length of the curve. 

Let us next suppose that instead of transferring our unit pole from 
A to B, we take it round a closed curve such as ACBDA, thus returning 
to the starting-point. Since—so long as we exclude the case of magnetic 
fields due to electric currents—the work done in passing from A to B 
along ACB is equal and opposite in sign to that done in passing from 
B to A along BDA, it follows that the total work done in describing 
the closed path vanishes. The zvork done in carrying 41 icnit pole round a 
closed curve is defined to be the magnetomotive force round that curve^ and, so 
long as we exclude the case of fields due to conductors conveying electric 
currents, the magnetomotive force vanishes round every closed curve. 

The unit of magnetomotive force (or M.M.F.) is obviously identical 
with that of magnetic P.D., and is represented by i erg per unit pole. 



CHAPTER II 

UNITS OF ELECTRIC CURRENT AND ELECTRIC QUANTITY 

Effects of an Electric Current; —When we say that a wire conveys an 
electric current, we mean thereby that the wire exhibits certain peculiar 
properties not possessed by any ordinary wire. Among the most im¬ 
portant of the effects produced by an electric current are the following:— 

1 Just as, in the case of gravitational attraction, the work done in transferring a unit mass from one 
point to another against the action of gravity is independent of the path followed. 
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L The Magnetic Effect—Tht space surrounding the wire is found to 
be the seat of lines of magnetic force. In the case of a long straight wire, 
these lines take the shape of concentric circles having their centres on the 
axis of the wire. The magnetic effect of an electric current was first 
discovered in 1820 by Oersted, who noticed that when a current was sent 
through a wire a magnetic needle placed near it tended to set itself at 
right angles to the wire. The magnetic effect of a current forms one 
of the most convenient and most delicate methods of detecting the 
presence of an electric current in a conductor. If we suppose a wire 
bent into a circle, then the magnetic force in the plane of the circle is 
everywhere perpendicular to that plane. Hence, if a magnetic needle 
be pivoted or suspended at the centre of the circle, and the position 
of the circular conductor adjusted so that the plane of the conductor 
contains the axis of the needle, then, on sending a current through the 
circular conductor, a deflection of the needle is produced. This de¬ 
flection may be rendered more easily visible by either attaching a long 
pointer to the needle, or, better still, by using a long weightless 
pointer—a ray of light which is allowed to fall on a small mirror 
attached to the needle and is then received, after reflection, on a 
graduated scale placed at a suitable distance from the mirror. The 
sensitiveness of such an arrangement may be increased by using 
a coil of wire having a large number of turns instead of a single 
circular conductor. Such an arrangement of a fixed coil of wire and 
a movable magnet constitutes what is known as a 7 ieedle galvanometer^ 
and by means of various devices, the details of which we cannot enter 
into here, the sensitiveness of a needle galvanometer may be increased 
to a wonderful extent. 

The practical applications of the magnetic effect of an electric current 
are extremely numerous. A piece of soft iron or other magnetic material 
is always found to move from weak to strong parts of the field. If we 
take a long coil of wire, or solenoid, and fit it with a soft-iron plunger 
capable of sliding inside the coil, then, since the most intense part of 
the magnetic field due to the coil is in its interior, the plunger will tend 
to take up a position of symmetry with respect to the coil when a current 
is sent through it. The coil will exert a sucking action on the plunger 
if the latter is displaced from its position of symmetry. Such an 
arrangement is known as a coil-and-phmger mechanism, and has received 
numerous applications in various electromagnetic devices^ 

Another important arrangement is that in which a coil of insulated wire 
is fitted with a fixed soft-iron core. Under the influence of the magnetic 
field, due to the current in the coil, the core becomes strongly magne¬ 
tized. Such an arrangement constitutes an electromagnet The first 
electromagnet was constructed by Sturgeon in 1825. By means of 
electromagnets much more intense fields may be produced than by 
any other method, and electromagnets are invariably employed now¬ 
adays for producing the magnetic fields of dynamos. 

2. The Heating Effect —A wire carrying an electric current is always 
found to be at a higher temperature than its surroundings. By sufficiently 
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increasing the current extremely high temperatures may be reached Th. 
heatmg effect of an electric current is utilised in clecMc lightTnl 

StTonT “ '"‘''“S- »"<> othM ap^U 

3. The Chemical Effect. If a portion of the path followed bv the 
current consists of a liquid chemical compound, the compound is soht 

up into Its constituents by the action of the current, and such a process 
of splitting up by electrical process 

means is termed electrolysis. 

The compound itself forms 
the elect 7 'olyte^ and the two 
constituents into which it is 
decomposed are termed ions. 

The chemical effect of an 
electric current is applied in 
copper refining, the electro¬ 
lytic production of alkalies, 
electro-plating, &c. 

Definition of C.G.S. Unit of Current.—If by means of a magnetic needle 
we determine the direction of the magnetic force produced by a conductor 
conveying a current, and then reverse the connections of the conductor 
to the source producing the current (battery or dynamo), we find that 
the magnetic foice has also been reversed. An electric current therefore 
possesses a definite directive property, which is expressed by saying that 
the current flows in a definite direction along the conductor, if must 
be clearly understood that this expression does not necessarily imply 



Fig. 4 





the flow or transference of any material substance along the wire. By 
a generally adopted convention, the direction of the current is taken to 
be such that the relation connecting this direction with the direction 
of the magnetic force is identical with the relation which exists between 
the thrust and the twist of a right-handed screw. This relation is shown 
in fig. 4 for the case of a straight wire. The same “ right-handed-screw 
rule” enables us to find the connection between the direction of the 
current in a coil or solenoid and the direction of the magnetic force 
due to it. This case is illustrated in fig. 5. 

The magnitude of a current is taken to be proportional to the magnetic 
force which it produces. Thus, if a certain current flowing in a given 
coil produces a definite magnetic force at a given point, and if we in¬ 
crease the current until the magnetic force at the same point is doubled, 






electric and magnetic measurements 

we agree to say that the current in the second case is twice as great 

^ The CG.S. or “absolute” unit of current is arrived at as follows:— 
Imagine a circular conductor, of i cm. radius as shown in fig 6 to be 
conveying a current whose magnitude may be varied^ at will, and let 
a unit north pole be placed at the centre of the circular conductor. 
The force acting on this pole will, by a simple application of the rig - 
handed-screw rule, be from right to left, as shown in the sketcL Let 
us now suppose that the magnitude of the current is adjusted until 
the force acting on the unit pole becomes equal to 2-7r dynes. The 



current is then said to be a unit C.G.S. current. We thus have the 
following definition:— 

The cibsolute uuit of ctirvent ts ci cuTveut which^ flowing Tound ct cifcu- 
lar conductor of j cm, radius, produces a magnetic force of 2 ic units at the 
centre of the ch'cle. 

At first sight it might appear as if a more convenient constant than 
2 7r—say unity—^were preferable. The reason for choosing 2 it is, that 
the total length of the circular conductor is 2 tt cms., so that, correspond¬ 
ing to unit length of the conductor, we have unit magnetic force at the 
centre. 

Dynamical Action on Conductor Conveying Current when Placed in 
Magnetic Pield,—The action between the circular conductor and the unit 
pole at its centre is, by Newton’s Third Law of Motion, a mutual one. 
The conductor tends to move the unit pole from right to left, and the 
unit pole tends to move the conductor from left to right. But the only 
effect produced by the presence of the unit pole at the centre of the 
conductor is a magnetic field at every point of the conductor which, 
as shown in fig. 7 {ci), is everywhere radial, and therefore everywhere 
perpendicular to the length of the conductor. Further, since every point 


^ The force is supposed to be that due solely to the current in the circular conductor; the earth’s 
field, or any other magnetic fields, being supposed to be either non-existent or suitably compensated. 
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of the conductor is at unit distance from the unit pole, it follows that 
the field intensity (due to the pole) at every point of the conductor is 
unity. We may say that the conductor tends to move because it is placed 
tn a mag 7 ietic field, and we see that the direction of motion is perpendicular 
to both the current and. the field. The total force acting on the conductor 
is 2x, and since this is distributed over a length of conductor equal to 
2 7r, the force per unit length of conductor is unity. Since this force 
is solely due to the presence of a unit magnetic field at every point of 
the conductor, it follows that if the conductor be opened out straight, 
as in fig. 7 Rud if, by suitable means, a unit field intensity, which 
is everywhere perpendicular to the conductor, be maintained as before, 
the' force acting on the conductor will remain unaltered. We thus have 
the following important result:— 

A conductor of U7iit length and conveying a unit current wkeii placed 
in a field of unit intensity vohich is eveiywhere at right angles to the 
conductor, experiences a force of i dyne in a duxction perpendicular to 
both the conductor and the field. 

If the current amount to i units, the length of the 
conductor to / cms., and the field intensity to H, the 
total force acting on the conductor is //H dynes. 

A very convenient rule for determining the rela¬ 
tion connecting the direction in which the conductor 
tends to move with the direction of the field and 
current has been given by Dr. Fleming, and is illus¬ 
trated in fig. 8. If the thuMb, the Forefinger, and the 
middle^ finger of the left hand be held so as to form 
a system of three mutually perpendicular lines, the 
forefinger pointing along the direction of the mag¬ 
netic field, and the middle finger along that of the 
current, then the thumb will indicate the direction of 
the force-acting on the conductor. 

Work Done in Increasing Magnetic Flux Through Circuit.—Let us 
suppose that a conductor of length I cms., conveying a current of i units, 
and placed in a field of intensity H (with the length of the conductor 
perpendicular to the field), is moved parallel to itself through a distance 
d m 2. direction opposed to that of the force acting on it. Since this 
force amounts to ^7H dynes, and is overcome through a distance d, 
the work done in displacing the conductor is ilYid ergs. Now Id 
represents the area of the rectangle swept out by the conductor, and 
since H also denotes (by the definition of a unit line) the number 
of lines passing through every sq. cm. of that area, H represents the 
total number of lines cut by the conductor during the motion. W e 
thus see that the work done equals the product of the current into the 
number of lines cut.' This result holds generally, so that in every case 
in w’'hich a circuit conveying a current has the number of lines linked 
with it increased, whether by mechanical displacement, increase of area 
of the circuit, or by increase of current, the corresponding expenditure 

^ The letter i is very generally used as the symbol for cttrrmt. 
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of energy in bringing about this increase is given by the paroduct of 
the current into the increase in the number of lines. 

'^Moving-Coil Galvanometers.—^The fact that a conductor conveying a 
current is subject to a definite dynamical force when placed in a. magnetic 
field is utilized in the construction of a type of galvanometer known as the 
moving-coil gakmiometer. An instrument of this type was devised origin¬ 
ally by Lord Kelvin in connection with submarine telegraphy- ; it was 
modified for use in the laboratory by Deprez and D’Arsonval,^ and is 

nowadays very largely employed in 
preference to a needle instrument 
The construction of one form of such 
instrument is shown in fig. P- Essen¬ 
tially, it consists of a coil of insulated 
wire suspended between the poles of 
a powerful steel magnet, a mass oi 
soft iron (marked “iron core in the 
figure) being introduced between the 
pole-pieces with the object of concen¬ 
trating the lines and so obtaining a 
more intense field in the annular space 
which is occupied by the coil. The 
suspensions of the coil consist of two 
very fine strips of phosphor-bronze, 
which also serve the purposo of con¬ 
veying the current into and out of the 
coil. The deflections are read off by 
means of the usual lamp and scale 
arrangement. One of the main ad¬ 
vantages of this type of instrument 
lies in its being practically unaffected 
by external magnetic disturbances, so 
that it may be used in the neighbourhood of dynamos and under other 
conditions which would render the use of an ordinary needle galvanometer 
extremely troublesome, if not impossible. 

Practical Eealization of Absolute TTnit of Current.—The arrang'ement 
described in connection with the definition of the unit of current is not 
one which could be conveniently employed for the experimental deter¬ 
mination of currents in absolute measure.^ For this purpose several 
methods may be employed, and these are diagrammatically represented in 
fig. 10. At (a) we have a standard galvanometer^ consisting of two fixed 
coils, Cj and Co, placed parallel to one another and at a distance apart 
equal to their mean radius; between them is a suspended or pivoted 
magnetic needle. If the dimensions of the coils and number of -turns in 
them are known, the value of the current in absolute measure nnay be 
calculated from the observed deflection of the needle, provided tbo value 
of the horizontal component of the earth’s field is known; this latter* abso- 

^ Hence such an instrument is frequently called a Deprez-D’Arsonval galvanometer. 

2 An absolute measurement is one involving the measurement of a length, a mass, and a, time only. 
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lute measurement must thus precede the current measurement. At (b) we 
have a standard electrody7iamomeier\ this differs from id) in having a 
small suspended coil, C^, instead of a needle. At (^:) is shown the most 
satisfactory method for the absolute measurement of current. The 
instrument, known as a curre^it balance^ consists of two fixed horizontal 
coils, Cl and C2, and a smaller movable coil, C^, which is suspended from 
the beam of a balance. The three coils are connected in series, and the 
directions of the currents are indicated by arrows. A laborious mathe¬ 
matical calculation enables the pull exerted by the fixed on the movable 
coil to be determined in terms of the current and the constants of the coils 
(their dimensions and number of turns); and if this pull be experimentally 
found by ordinary weighing, we have a means of finding the current. 

Instruments such as those briefly described above are expensive to 
construct, and require a considerable amount of care and skill in their 


(a) (b) 

Fig, 10 

use. They form the ultimate or primary standards which have enabled 
us to realize experimentally the theoretically defined absolute unit of 
current. Some simpler method of carrying out a current measurement 
in absolute measure becomes imperative, and such a simple method is 
furnished by making use of the chemical effect of a current. 

Definition of Practical Unit of Current.—For practical purposes the 
C.G.S. unit of current is inconveniently large, and in practice one-tenth 
of this is taken as a unit, and is called an ampere. Thus: 

One ampere = iO“^ C.G.S. unit. 

laws of Electrolysis and Electrochemical Equivalents.—We have already 
stated that the two constituents into which an electrolyte is split up by 
a current are termed ions. The current is led into and out of the liquid 
by means of suitable conducting plates termed electrodes. The electrode 
by which the current enters the electrolyte is termed the anode, the other 
being the cathode. The products of decomposition or ions never appear 
in the body of the liquid, but are always given off at the electrodes. The 
ion which comes off at the anode is termed the anion, that at the cathode 
the cation. In the case of solutions of metallic salts or hydroxides, one 
of the ions consists of the metal, and this always appears at the cathode. 

It is an experimental result that the amount of an ion liberated from 
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a compound by a constant current flowini,' thrt>ii^:li tin' rl. * j p;.* 

portional to the time during which the current .ill.nu.i t,. I? 

further found that if different currents Ijc passwl ilir<.ni.;!i .< i.aiM .t. 
lyte during equal intervals of time, the iunoniits «'i litfjn <, .. 

z.r& proportional to the atrreHts, The total .ifn««Mni <.) 
position is therefore proirortiuna! U) the (iroihitt «>f tlje ,* < u.. 

time. It is convenient to gi\’e to this |»ro*lui t a i.il n.oiK a i . .ki . 4 

th£ quantity of electricity. Thus, we .say that when a * tau nt <1 ; .»l. l.a« 
units has been allowed to flow for t sccoikIs, it .ilf.«<hite nna- .a < '.• .‘tjj. 
quantity have been passed round the circuit. Makiii*; u-«- <>( ihr, 4. ni .ii -ji 
of electric quantity, we may express the two facts stand .>•, !< uh.a . 

The amount of an ion liberated is pn>pt>rti»m,tl /.* tbe ./a.i'i/irj * f 
electricity which has passed through the eleetrolyte lias o aiJi tn i 
established by Faraday, and is known as Inirailaj's l o -j l .iw } P. ji.. 
lysis. 

The practical unit of quantity is the ampere woud <»f eenUmi- «»«;«• 
coulomb = 10"* e.G.S. unit t»f tjuantity. 

The amount of an ion liljerated by the piissji^f t.f i rMiiL>mb %-> < .«!)rd 
the electrochemical equivalent of that ion. 

Faraday’s Second Law of Electrolysis states th.it the eh.tu Jamh.ti 
equivalent of an ion is proporthnal ta its ehemteal equualfnt U.o ., li 
we once for all carefully determine the eUntoshrmu.il njoo.dmt , t 
07 ie ion, the electrochemical ajuivalents of all the «»thri ii.n, 1«- 

easily calculated from the known atomic weights of ihr rlmirjit-. .w.t 
the valencies of the ions. 

If the electrochemical equivalent «if an ion is ktiown, thro nr |»4%r 
a means of measuring a current by determining the ainoijot ,4 it»„t u.n 
decomposed during a given time, and dividing this by ihr j»f««bu, t' 
time X electrochemical equivalent. 

The most suitable electrolytes for this purjiosrt arr %iUrf mttjtr 
(AgNOg) and copper sulphate (CuSOi), '!'he former inav I** um-iI f..i 
the measurement of small, and the latter of large ctirient'*, An .inangr’ 
ment which enables a current to be measured by mr.ms „f thrnn/a! 
effect is termed a voltameter. 

The determination of the electrochemical CTjuiv.ihmt .4 an i<.i. i, .,nr 
of the most important measurements in physkn, fmnidmig 4., n .p--.. 
with a cheap and comimratively simple and ra-)- m.*h- ,4 
currents in absolute measure. Hence this determni.ititio h.i. t..fo,rd jJ..- 
subject of numerous researches, one of the most »mj*i*»t.iiii <4 «},». b r. 
that carried out by Lord Rayleigh and Mrs, .Sulgwnl,. wb... o n,;. 
current balanc^ of the form briefly rlescrik-d abnr. .ht.-,nnm.| ’ih, 
electrochemical equivalent of silver. The value ar.iu-d .,t bv ibnn h., 
about .001118 gramme i>er coulomb (or .omH gt.immr irr ..b 
unit of quantity) The corresfjonding value for i;..p|w« is .dsmt 
gramme per coulomb. 

In using a silver or capper voltameter certain prei.iuji.,!,, j«. 
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CHAPTER III 

FUNDAMENTAL THEOREMS REGARDING M.M.F. AND E.M.F. 

Fundamental Theorem regarding M.M.F.—In many of the practical 
^PP^i^^tions of electromagnetism it becomes necessary to provide magnetic 
fields of definite intensity, and this is generally accomplished by means 
of coils carrying currents. It is a matter of extreme importance to the 
designer to be able to predetermine, either with perfect accuracy or with 
a sufficiently high degree of approximation, the magnetic intensity in any 
given region which will be produced by a coil of given size and shape 
when supplied with a known current. Such calculations are rendered 
possible by the use of an extremely important theorem, which we now 
proceed to consider. 

Imagine a simple circuit, ABC (fig. ii), conveying a current of 
i absolute units, and consider any closed curve, D E F, 
which is so drawn a^ to be linked with the electric 
circuit. Let a unit magnetic pole be carried round 
the closed curve. By the definition of M.M.F., the 
work done in carrying the unit pole round D E F gives 
the M.M.F. round that curve. Now, as the pole is 
carried round the curve, every magnetic line proceed¬ 
ing from the pole will cut the circuit, and the total 
number of lines cut will be equal to that proceeding 
from the unit pole, ix, to 47r. But in order to make 
the circuit cut 47 r lines, an expenditure of energy is 
required of amount 47 r/. Hence the M.M.F. round 
the closed curve is equal to 47rf.^ 

The result obtained, it will be observed, is quite independent of the 
shape of the curve, since the reasoning employed does not involve a con¬ 
sideration of the shape. The essential point is the linkage of the closed 
curve with the circuit; for if we consider a closed curve, such as GHK, 
which is not linked with the circuit, then although, in carrying a unit pole 
round it, the lines of force cut the circuit in a certain direction during part 
of the journey, they cut it (or sweep across it) in the opposite direction 
during the remainder of the journey. Thus, if the first part of the journey 
involves an expenditure of energy, the second corresponds to a gain of 
energy; the total gain or loss of energy becoming zero, i.e, the M.M.F. 
round the closed curve vanishing. 

If instead of a simple circuit we consider a coil of S turns conveying 
a current i, and determine the M.M.F. round any closed curve which is 
linked with every turn of the coil, such as the curve KLM in fig. 12, 
then since the work done in carrying a unit pole round a single turn of 

1 The algebraical sign of the M. M. F. is determined by the direction followed in going round the 
curve: a positive sign being taken if the M.M.F. corresponds to o. gain of energy, and a negative 
sign if it corresponds to an expenditure of energy. 
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i.iS/ 

Ap^cation* of Theorem regerdtof 1 I. 1 I 4 P.* In onlrt iv* «ihnt».«tr Mw 
importance of the theorem just considerctl, »c n t- ?h«- 

solution of a few imjjortant problems, 

The first of these consists in finding thr m.»gnrt»» smi* « ou 
“ (or magnetic force) at any p»int outsid«- 4 L-oj; -.ii .i} In 

conveying a current of t CHS,, units In, m «»g 1 j, s «f t»r 
the wire, and I* the pnnt at vvhirh the nitni-vni, « . 

Through l* draw a circle having its ccniir ii4« Uw ..sc. -4 
A the wire, and its plane j)erj>ciidivul.ir t«i it \Vr 1 »hm« ,*1 
a result of exjxiriment that the lines «tf iii.igiiriM fi.j.r «dl 
form circles surrounding the wire, and h.nnig ilwo s 

on its axis. It is clear from syminriry ih.it tti<' 4t 

every point of the circle passing ihomgli e o ihr •..inur, 
let H stand for this intensity, l lien ilir \l A! I i.ns«d il»* 
circle is H x 2 vr, where r is the ihst.iii«e *<) i if oi iJ«' 

axi.sof the wire. But by the theorem irg udin-; \! M I 

^ M.M.F. i.s also equal toqwi. Siiue the %%%** «'%|ii|( i 

Eg.,3 the M.M.F. must give the same result, wr h.i\r 

H X “ 4 *’*' or H « “ ^. 

r 

The magnetic force is thus seen to vaiy inversely as the dei.oor n, ,11 
the wire. 

The second problem is that of finding the magnet 1, iiilrn%ifv .if 
point inside a coil wound in the form of an anchtir ring. a-. sh-.« n m h, -1. 
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.he radius of thi, circle (= distance o^ P fern al^is A^l'; ** 

considerations of symmetry indicate that the intensity will have 

value at every point of thp rirrU pnes ■ * na\e the same 

circle Tf TT ^ •! ? ^ intensity being tangential to the 

also - I q Q u H X 2^r. "But MMF 

rndts^HeTa^e' in C.G.k 


H X 2 


irr = 47r S /, or H = 


Thus the intensity is not quite constant over the cross-section of thf- 
anchor-nng, but diminishes as the distance 
from the a^xis increases. If, however, the 
ladius of the ring is large in comparison 
with its cross-section, the intensity may be 
taken as approximately constant over the 

cross-section. ^ ^\ ^ 

The third problem which we shall / 
consider is that of determining the in- T o Iv Tj 

tensity inside a straight coil of length \ yHJ 

great in comparison with its cross-section. jUf 

Such a coil, or solenoid^ may be regarded 
as forming part of an anchor-ring of in- 
finite radius. Applying the result obtained 
above for an anchor-ring, we get H = ffll 

This may be written in the form 

- ^ S 2 S 

H = 47r"™. Now denotes the number of turns per unit of 

length of the ring, an-d H = 4 tt S;^ So long, therefore, as z is 
constant, H is independent of ’ the value of r. We may now suppose 
r to increase indefinitely; then any finite portion of the ring, of length 
great in comparison with the cross-section, may be regarded as 
approximately straight, forming a solenoid. If—which is permissible 
in the case of a very long solenoid—we neglect the effect of the distant 
portions of the anchor-ring, we may suppose these to be removed with¬ 
out materially affecting the intensity inside the solenoid at points not 
near the ends. We thus get H = 4x81 approximately, for points 
well inside the solenoid. 

If, in the last problem, the current be measured in amperes, we see 
that H = 1.257 time the ampere-turns per cm. length of the solenoid. 

Difference of Electric Potential and E.M.F.— If a conductor be con¬ 
nected by means of a wire to one terminal of a battery or other 
source of current, a momentary current is found to flow, the duration of 
which is in general extremely short. The conductor which has been so 
connected is found to possess peculiar properties, and is said to be electri¬ 
fied, or to have received an electric charge. The amount of this charge, 
or the qiiazitity of electricity which has passed into the conductor, is 
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measured by the product of the avera^'e value of the current into the 
time during which the current has lasted. 

Electric-charges are of two kinds: positive and negative. A conductor 
is said to receive a positive charge if this is communicated by the flow 
of a current into the conductor; if the current flows out of the con¬ 
ductor, the corresponding charge acquired by the conductor is said to 
be iiegative. 

Conductors which have both acquired either positive or negative 
charges are found to repel each other, while a i)ositivel\' charged con¬ 
ductor is found to attract a ncgativ^ely charged one. In tins res]:)cct, 
charged conductors behave precisely like magnetic poles. But while 
electrical repulsions and attractions may be exhibited by all known sul)- 
stances, magnetic polarity is confined to the relatively small class of 
“ magnetic ” substances. 

The law of electrical attraction and repulsion is also identical with 
the corresponding magnetic law—it is that of the inverse sejuare of the 
distance. The analogy between the two cases holds still further, h'or 
just as it is impossible to produce a north-seeking [)ole without at the 
same time producing a south-seeking one of equal strength, so it is 
impossible to impart a positive charge to any conductor witliout at the 
same time imparting an equal negative charge to some otlier conductor: 
positive and negative charges being always ja’ocluced in equal amount. 

The charge of a conductor is found to reside entirely on its surface. 
If, by means of suitable experimental arrangements, the outer layers or 
skin of a conductor be removed, the conductor ceases to exhibit any 
electrification, thus showing that its charge resided entirely in its surface 
layers. 

The phenomena of electrical attraction and repulsion are exhibited 
by conductors which have been momentarily, or are permanently, con¬ 
nected to the terminals of a battery. In general, liowever, these attractions 
or repulsions are in this case so feeble as to require specially-constructed 
instruments for their detection. There is, however, another way of pro¬ 
ducing electrification—by friction. In this latter case the attractions and 
repulsions are so powerful that they may be readily studied without the 
use of any very delicate instruments. The method of electrification by 
friction has been known for ages, long before the existence of electric 
currents was even suspected. 

We have already had occasion to consider the mathematical abstraction 
to which we gave the name of unit magnetic pole. It will now be con¬ 
venient to introduce a corresponding conception into the electrical case, 
to which we shall give the name of a unit electric charge or unit 
q 7 tantity of electi'icity. Imagine a conductor of indefinitely small dimen¬ 
sions (say a very small sphere), and suppose that by connecting it to a 
battery a momentary current is allowed to flow into the conductor. 
Suppose, further, that either the strength of the battery or the duration 
of the contact is so adjusted that the product of the average value of 
the current into the time during which it has been flowing is equal to 
unity. Then the conductor has received a unit positive charge, and since 
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AND l.M.l. 


the dimensions of the conducot nre ,.s„,ne.l 

chW is conccnttnted into ‘M;;™;;.;™':;;,;; 1 .. . 

If such a unit point-charge be .. 

other charged conductoi^, it will tlu- .aha-■ tlw 

definite direction, and this force (ineasuie '‘‘l i.v.i ‘ \n\ o O' ai 

oto at the nhoro the u,.n o M n - ,; 

throughout which electric intcuMl) is extj t.( ] ^ 

Consider any to. points, .t ,|, 


charge be taken from 


A to I 


along any path. In in-viu;; ih.- 


.1 i.nil 

t li.u : 
lOp ’lint 
U-. fit** 
1-lu! 


ftoTAToiriil.i;;;i"um aci;,,. a e,eo.nr for,,.. ,1..,,,,,.^ 

of work will be done, and this amount (nioaMiied • i.. ■ ... 

differcjicc of electric potential or electric I’.D.. bcturcii the 

Hence the definition:— .. <. 

The difference of electric potential ln-t:accn t:co p.nn.s i.s t ., ■ - 

in transferring a unit electric qnantity Jrom the one pemt to 
■ If the transference of unit charge irom to n mv,ih.-. . vp. nd.tm. 
of energy, B is said to be at a higher potential tliaii and • 

Let us ne.Rt consider the case of a chised curve, and let ma * " • '• 
quantity be carried completely round the closed cuia.-. Ihe lyu 
is then defined to be the electro, notree Joree, or l-;^ 

Practical Tlnit of P.D. and E.M.P.--'nie unit of IMh au.l lO 
ployed in practice is termed the 7vi//, and is a v..'r.v lac.g' nimtiph- 
e.G.S. unit 


i 


4 ill 




.S / ' / ! C 11 «^ I ♦. 


Capacity and Units of Capacity.-.Any arrangcmml of tuM n.ntinit- r. 

placed a definite distance apart forms what is known a ^. a It 

the two conductors forming the con<lt‘nsi‘r lx* <'(»muHird to ih*’ nm a.t; . 
of a battery, a momentary current will flow, earl) ( ondia tor a- . , t au: 
a charge—positive in the one case, iu‘gali\t‘ in tlu* ofhta. ll <!,,,'»» 

the charge on either conductor by the IM). het\\c*«ii tlimi, v,o di* 

capacity of the condenser. d'he capaeit}’ ot a toudtm rr drprrie. i,.*! 
only on the size and shap)e of the conductors an<l their it’!ati\e p - e,!' e. , 
but also on the nature of the intervening mtslium. 

If we measure the quantity in coulombs lor ampen* oHMiid , ,m*i 

P.D. in volts, then the ratio ^ gives us tla* tapat itx in n i:n ■ *4 

volts 

a unit known as the farad, which is taken as the prat tical uni! *4 « apa* 
Since i coulomb = lO""^ C.G.S. unit, and i \olt ii4 1 .ij.S. ui:i! . 

10"^ - ' 

follows that I farad = ,, C.G.S. unit, or 

10^ 

I farad = I0“‘* C'.G.S. unit 


The capacity represented by a farad is very largtx an«! Ip-ia r m 
practice it is usual to express capacities in terms ui' tlie w/Vce/i/o/*/. 

I microfarad = lO”^^ farad unit 


^ Electric inten.sity is inea.surcd in ft r anti tfiatff. 
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Activity or Power in an Electric Circuit, and Units of Power. —I xA 
a current of i C.G.S. units flow in a circuit, and let a and i: l,)c aiiv 
two points in the circuit, between which there is a IM), of X" 
(C.G.S.). In accordance with the definition of unit electric quantit\\ 
we may say that i units of quantity are transfi‘rrt‘d in every secoiul 
from A to B. But by the definition t)f IM)., the transfaH'net* of/v;c// 
unit from A to H inxadvcs the expenditun^ of (‘rqs (jf work. I'hus 
the total work per second, or the powtu', in tlu* jiart of the eircuit h-ine' 
between the points A and n, is V/ erqs |Htr secoiui, \\’e therefore sec 
that 

Activity or Bower -r B.D. x current. 


If, instead of considcrin.q; a portion of tlie eircuit, wt* consider tlie 
entire closed circuit, tlien the worl: dtuu: on every unit in earrvine it 
completely round the circuit Rives us the Iv.M.Ie, which \\c‘ shairdenote 
by E. Hence tlie power in the entire circaiit is }•'/. 

If the JM). be expressed in volts, and the eurrt‘nt in anipt'res, tlu‘n 
the product B.D. x current will Rivt^ us tlu* po\v<*r in tvv///^ w/vvv.v nr 
w^ 7 tfs. The watt is taken as the practical unit of' pouca*. aiul Ninec one 
volt = 10® C.G.S. units, and i ampere r-- lo * C.G.S. unit, we fuul tliat 
I volt-ampere = lo® x lO'”^ or lo" (\G.S. units. 

I watt - ID' erqs pta* sec. 

One horse-power corresponds to 550 ft.-lhs. per stay; and since* we have 
found that i ft.-lb. = ^ erqs, it follows tliat i hors(*'power 

■“ 550 X 13*5^ = 746 X lO' erRs per sec. appruxiinatelv. 

Hence 

I horsc-pow’cr 746 watts. 


The watt forming only a very small fraction cT a horse-power, it is 
usual to employ 1000 watts, or a kihnvalt, as a unit of |)owcr. 


I kilowatt == 1000 watts r= or r II B 

7.1/) 

Units of Energy.— Electrical energy is generally reckoned in terms of 
the Board of Trade unit (frequently called Mmit” simphx, whicli corre¬ 
sponds to a kilowatt-hour, or 1000 watt-hours (i. :54 1IJ\ hoursM 
Fundamental Theorem regarding E.M.F.— In 1831 Idirada)' and I hairy 
made the important discovery that every change in the nuinlxir of mag- 
netic lines passing through a circuit results in the production or induction 
of an E.M.F. in that circuit This E.M.Ie lasts only so long as the number 
of lines IS varying, and disappears as soon as that number l)ecomes con¬ 
stant Imagine that into a circuit which originally contains no ICM.Ie 
there are introduced N lines during / seconds, knd that tlie average 
current z is due to an average induced KM,h\ of amount Kr Tho 


^One kilowatt-hoiir 1.34 x 33,000 x 60 ft.-lhs. 
sionally used is the J(mte; this is equal to a loatUsecond, 
e.O.b. units being used in each ease. 


.Another unit of energy which has ht'cn oeca- 
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mechanical energy expended in 

which the current is i is given by N i (see Chiiptei 11 > • ■ ^ - 

introduction of the N lines has taken t secs., the average p(.\v-er ‘ 


IS 


This power is transformed into electrical power, and must l>e (‘tiuiyaUmt 
to this latter. Now the electrical power is given by L/. Hcncc i 


In other words, t/ie E.M.F. induced in a circuit by variaiwns tn the 
number of magnetic lines passing through the circuit is equal to the rafe 
at 'ivhich the number of lines is changmy. 

In cases where the change in the number of lines is producetl In' tiu! 
displacement of a circuit in a magnetic field in such a manner that 
of the conductors forming the circuit is made to cut tlu; magnetic 
while the motion—if any—of the remainder of the circuit does not n-ailt 
in any cutting of lines, the rate at which the number of lint‘s is cliangjntt 
is equal to that at which the active conductor is cutting lines. ^ \\ nia>“ 
then regard the active conductor as being the seat of an IvM.h., and '-ay 
that the E.M.F. induced in the conductor is equal to the rate at ulii»'h 
it is cutting lines. 

The direction of the E.M.F. induced is alwa}'s such as to iciul to 
oppose the change which gives rise to it. If, for inslanct% the ciuuca* 
consists in an increase in the number of lines, the MM. I', tends to pro 
duce a current which will decrease the number of lines, A convenient 
“hand rule’’ has been given by Dr. Fleming fcir the case of a <-ondue!ur 
moving parallel to itself perpendicularly across a magnetic field. 'This 
rule corresponds to that already explained in Chapter 11 in connection 
with the direction in which a conductor conveying a current tends Id 
move across a field. In the present case, however, the right liand is 
used, the forefinger pointing along the field, and tlie thiiMl) along the 
direction of Motion; the middle finger (which is at rigiit angles to the 
other two) then gives the direction of the Induced MM. In 

If a conducting mass be rotated in a magnetic field, tlu? indurtrd 
E.M.F.s give rise to currents which tend to stop the motion, an<! thus 
exert a powerful damping effect This damping effect is very fre<|uent!y 
made use of in practice. 

Practical Eealization of Absolute Unit of E.M.F. —^Onc mctliod of prat 
tically realizing the absolute unit of E.M.F, is the ft blowing C -Let a 
permanent magnet of known magnetic moment- be mounted insidi' a 
solenoid so as to be capable of rotation about an axis [lassing thnnigh 
its middle point and perpendicular to the axis of the solenoid and that 
of the magnet If the magnet be rotated, its lines will cut the x'arioiis 
turns of the solenoid, inducing in the latter an alternating ]{.M. 1 \ i.c, 

^This method was employed by C. Limb {Jou7‘7ial de Phys. v. pp. (n jo, iBt/i) to at*t«*rsuJijr in 
absolute measure the E.M.F.s of a Clark and a standard Dakicll cdl. 

2 The determination of the magnetic moment of a magnet is easily carried oiu by a nii'llHul tlijr \v 
Gauss; the horizontal intensity of the earth's field being determined* at the .same time. 
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one whose direction is periodically reversed). For a certain position of 
the rotating magnet, the rate at which its lines cut the solenoid becomes 
a maximum. This maximum rate of cutting, or maximum h..M.h., may 
be calculated from the known moment of the magnet, its speed of rotation, 
and the size and shape of, and number of turns in, the solenoid. 

Such a standard of E.M.F. would not, however, be very convenient, 
and in practice the standards of E.M.F. take the form of primary cells 
whose E.M.F. at a given temperature may be relied on to have a definite 
value which does not change in the course of time. Tire JC.M.I'. of such 
a constant or standard cell may be compared, by suitable^ experimental 
arrangements, with the maximum value of the alternating E.M.h'. induced 
in the solenoid by the rotating magnet, and thus the value of the E.M.h'. 
of the cell may be obtained in absolute units. 

The cell most frequently used as a standard is that known as the 
Clark cellji its E.M.F., at 15° C., is 1.434 X io» C.G.S. units, or 1.434 
volt. 



i CHAPTER IV 

RESISTANCE AND ITS MEASUREMENT 

Definition of Resistance—Let a current of i C.G.S. iinit.s flow in a 
conductor between whose ends there exists a P.D. of V unit.s (C.Cj.S.J. 

The ratio ^ is then defined to be the resistance of the conductor t<> 

z Y , 

the current, and is usually denoted by r. Thu.s r = • 

Since the P.D. is V, and the current z, the power is Vz = rr 
This power is employed entirely in heating the conductor, since no 
other transformation of energy is supposed to be taking placc.^ Ifencc 
rz- gives us the rate at which heat is being produced in the conductor. 

We thus arrive at the following alternative definition of resistance:— 

By the resistance of a conductor is meant the coefficient which, 
when multiplied by the square of the current, gives the rate of heat pro¬ 
duction in the conductor.^ 

Ohm’s Law and Units of Resistance.—There is no a priori reason why 
the quantity which we have just defined as the resistance of a conductor 
should not have different values for different currents; and whether such 
is the case or not is a matter to be decided entirely by experiment. 

Very careful experimental researches have shown that, so long as the 
physical state of the conductor (as regards temperature and stress) remains 
unaltered, its resistaztee is independejit of the current. This extremely 
important result is known as Ohm's Law^ and the reader must be careful g 

to discriminate between the mere definition of resistance and Ohm’s Law. 


^ For a description of various types of standard cells, see Chapter VIII, 

2 It is assumed that the conductor is not the seat of an E. M. F. 

3 The heat being measured in dynamical Tinits (ergs). 
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If Ohm’s Law did not hold, then in dealing with the resistance of a 
conductor we should have to specify the current for which the resistance 
has been determined. But since the resistance is found to be independent 
of the current, the latter need not be specified. 

The resistance of a conductor is thus a definite physical quality of it, 
which depends solely on the size and shape of the conductor and on its 
physical state. 

The absolute unit of resistance is the resistance of a conductor in 
which unit current is produced by unit P.D. between its terminals. 

If the P.D. be measured in volts, and the current in amperes, then 

the ratio is taken as the resistance of the conductor in prac- 

am[.)erGs ^ 

tical units or o/ims. 

10^ 

I ohm = or 10^ C.G.S. units. 

Practical Bealization of Unit of Resistance, the B.A. Unit and Legal 
Ohm.—On account of its great importance, the determination of a given 
resistance in absolute measure has engaged the attention of a large 
number of [diysicists. We shall briefly indicate two important classes 
of methods which may be employed for this purpose. 

In one of these, due to Lorentz, a copper disc is placed coaxially 
with a coil of wire, apd is fitted with rubbing contacts near its centre 
and at the circumference. The resistance r whose value is to be deter¬ 
mined is joined in circuit with the coil, and a current z is sent through 
them. This lu'oduces a fall of potential over the unknown resistance of 
amount ri. The disc is now rotated until its E.M.F. is found to balance 
the fall of potential over the unknown resistance. Now E, the E.M.F. 
of the disc, is proportional to the current z producing the field of the 
coil in which the disc is rotating, and to the speed of rotation 00. Hence 
we may w’rite K = M zoo, where M is a constant whose value may be 
calculated from the dimensions and relative positions of the coil and 
disc. We thus get M zw = rz, or r = Mo) when the speed has been 
so adjusted as to produce balance between K and rz. 

In another class of methods, due to Joule, a current of known value 
i (which may be measured in absolute units by a current balance) is 
sent through the unknown resistance r, and the amount of heat produced 
in a given time / is determined. This heat is given by .and so 

enables us to find 7 '. 

The method originally employed by the Committee of the British 
Association (that of a coil revolving in the earth’s field and acting as its 
own galvanometer) did not prove very satisfactory, and led to a large 
error in the determination of the practical unit of resistance. The unit 
so determined is known as the B.A. zmity and 

I B.A. unit = .9866 ohm. 

At a later stage, an attempt was made to correct the error made by 
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the B.A. Committee, and a new unit, known as tin* liliin (wliith, 

however, never was legalized in luiglandj, was a(!(^|itcci: 

I legal ohm = .9977 ohm. 


The importance of the IkA. unit and the l(*gal «»!nii at the* |iro4'ni 
time lies solely in the fact that many of the oltka’ n*>istaiao ulia h 

are still in use, are constructed in terms of Uu‘so two units. 

Series and Parallel Arrangement of Resistances Shunts. 1 .rt tut> rt* i 
tances, 7 \ and n*, be connected end to end, or /// .ww/r.v u ith h t uhor, in 



fig. I 5 a ,aud lot a runnit 
/ 1 k‘ srnt throuMji ifirm. 
Lot \\ \'j, and ‘4aiid 
rt*s|»tn1 foi- thr IM).h 


arTo^'"* iho twii r<“‘a''4ain 



and a*'r«‘‘.s tla^ hr-A and 
Mn'«*nd taken NepatafeU'. 

'riu'u h'lin the (lcinfii!*iii 

Hi' I’.l). it f'.iUt.wr, th.it V 

-}* \ ; iiiit fi\ tin- 

tlrlinitimi nf rr-i-t.un c. 

\’i / ,/, .-tiui /./, 



+ r,. 


1 inn !• \ 


Again, b\’ the flefinitiini of roHi-.f,iiiif, 


I. of 

is tin- tot.d 


resistance of the two resistances coinu.'ctrd in soric-.. l! tiiis Ito tlrti'itod 
by r, then we have r tlu; total ivsiMain i- is tlio of 

the two resistances. Similar reas<ining would aiiply tii any luiinbor of 
resistances joined in .series, .so tliat in gontrral 

The total resistance of any nunihcr of trsistiimrs tottn,c(c,i in series 
zvith each other is equal to the sum of the separate resistances. 

biom this it follow.s that the resistanca.^ oi a romhutor id' uniform 
cross-section is proportional to the lenyth of the I'ondut tor. ait<i tli.tt tin- 
fall of potential over it when conveying a given current is also uroporti. .nal 
to its length. 


Consider ne.xt a number of coiuluctors, whose resist.uu-es an; r , r 
placecl side by side, as in fig. 15 (/;), and comieeted between tun 
common points A and it. .Such an arrangement is i-alied a parallel 
connection of conductors. If .1- = joint ntsistame <<f th<- system of 
condu^ors, V = P.D. between a and it, :m<i i total current, then 

^ ~ f' b deitote the currents in the v arious coiidui tors, 


then i — + 1.2 -{■ and 

— , so that z = VfJL-i--L-i-_L 

^4 ^ ;-i 


V . \' 

= n 

+ ) . whence 
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The reasoning: may be extended to any number of conductors; hence 
the following' general rule;— 

The joint resistance of a 7 iumber of conductors co7inected in parallel is 
equal to the reciprocal of the sum of the reciprocals of the separate resist¬ 
ances. 

From this it follows that the resistance of a conductor of given 
length varies inversely as the ci'oss-section of the conductor. 

In practice, we very frequently have to deal with a parallel connection 
of two conductors. In such a case, one of them is said to form a shunt 
to, or to be shunted by, the other. Applying the rule given above, we 
easily find that in this special case the joint resistance is equal to the 
product of the two resistances, divided by their sum. 

The reciprocal of the resistance of a conductor or system of conductors 
is termed the co)iducta)m\ and in some problems it is more convenient 
to consider conductances than resistances. 

Standards of E/Csistance.—-Standards of resistance generally take the 
form of coils of wire of definite length and cross-section. There is, 
however, a certain objection to the use of such standards. For the 
molecular structure of the material of which the wire is composed is 
liable to undergo slow changes, and these bring about corresponding 
changes of resistance. The standard is therefore liable to change. 
Although in ordinary commercial work such changes need hardly be 
considered, yet in accurate determinations they must be guarded against. 
Hence it is that in defining the practical unit of resistance, the Board 
of Trade has chosen to refer it to a material which possesses a perfectly 
definite molecular structure — pure mercury. The Board of Trade 
definition of the ohm reads as follows:— 

The ohm has the value i o*^ in terms of the centimetre and the second of 
time, and is represented by the resistance offered to a 7 i U 7 ivaiying elective 
current by a colu 77 ui of meiruiy at the tei 7 ipci'atim of melting ice, 14.4521 
grammes in i 7 iass, of a co 7 istant C 7 Vss-sectio 7 ial ai'ea, and of a le 7 igth of 
106.3 ccntinietres. 

Resistivity and Temperature Coefficient.—We have already seen that, 
so far as its dimensions are concerned, the resistance of a conductor is 
directly proportional to its length, and inversely proportional to its 
cross-section. The other two factors determining the resistance are the 
nature of the material forming the conductor, and the temperature.^ 

If we consider a conductor of length / and cross-section a, then its 
resistance r may be written in the form 

I 


where p, which depends on the material and temperature of the con¬ 
ductor, represents the resistance of a conductor of the same material, 
but of unit length and cross-section, and is termed the resistivity of the 
material at the given temperature. The resistivity of a material may be 


^ We omit the consideration of the effects of mechanical stress. 
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defined as the resistance between opposite faces of a cube of it whose 
edge is unity. 

The reciprocal of resistivity is termed conductivity. 

The resistivity of a material in general dejiencls on the tem])craturc, 
and for moderately small changes of temperature tlie clianges of resisti\'it\' 
maybe taken as proportional to changes of temperature. It is usual to 
take o° C. as fhe standard temperature, and if stand for the resistivitv’ 
of a material at this temperature, its resistivity pt at any other tem])erature 
/ may be written as 

pt = Po (^ « 0 > 

Avhere t = temperature, in degrees C., and a is a constant (roughh- 
known as the temperature coefficient of resistance. 

As a general rule, a is positive for good conductors (metals), and 
negative for bad conductors (electrolytes and insulators). In the case 
of certain metallic alloys, a is so small that within a certain range of 
temperature the resistivity may be regarded as independent of tempera¬ 
ture. Such alloys are particularly suitable for the construction of standard 
resistance coils, since it then becomes unnecessary to ap[)ly any “tempera¬ 
ture corrections 

The following table gives the approximate values of the resistivities and 
temperature coefficients of some important substances:— 


Name of Substance. 


Copper 

Iron. 

Mercury 
Platinum 
Platinum silver 

133 % of platinum, 64% of silver) 

German silver . 

(4 parts Cu, 2 Ni, i Zn) 

Platinoid 

(German silver, with i or 2% of tungsten) 

Manganin 

(84% Cu, 12% Mn, 4% Ni) 

Phosphor bronze . 

Aluminium. 

Carbon (gas retort). 

Sulphuric acid (density 1.17) 
Sulphate of copper (saturated) 
Sulphate of zinc (saturated) 
Mica ... 

Gutta-percha. 

India-rubber... 

Ebonite 
Paraffin-wax ... 

Shellac . 


Resistivity in olinis per Temperature ! 
cm. cube. Coefficient. ‘ 


1.6 

X 

TO“ 

“ at 0" 

C. 

+ 

.004 

9.6 

X 

lO” 

" at o'' 

C. 

4 . 

.0048 

94 

X 


at 0" 

c. 

+ 

.00072 

8.2 

X 

IO~ 

" at 0“ 

c. 

+ 

.00 p 

26.8 

X 

lO" 

at 0" 

c. 

4- 

.00018 

21.2 

X 

10" 

at 0“ 

c. 

4 - 

.00044 

43-6 

X 

io~ 

“ at 0” 

c. 

4- 

.00025 

42 

X 

10“ 

at o'' 

c. 

4~ 

.00002 

3.5 

X 

10” 

« at 0” 

c. 

4“ 

.0006 

3 

X 

lO" 

«at 0'^ 

c. 

+ 

.004 

67 

X 

10“ 

- at 0° 

c. 


.0005 


I at 

15' 

C. 



2 

5 at 

15’’ 

C. 




2 

r at 

15° 

c. 




.084 X 

lO'«‘ 

at 20" 

c. 


— 1 

•45 

X 

lo'to 

at 24" 

c. 


t 

10.9 

X 


at 24" 

c. 



28 

X 

JqSO 

at 46'' 

C. i 


— 

34 

X 


at 46" 

C.; 



9 

X 

Io 30 

at 28" 

c. i 




! 
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Measurement of Eesistance — Very Low Eesistances. —The methods of 
measuring resistance are so numerous and varied, that it will be impossible 
here to attempt more than an outline of some of the more important of 
them. 

If the resistance is a very low one (such as that of the armature or 
series coils of a dynamo), one of the most satisfactory methods is to send a 
known current i through the resistance, and to measure the corresponding 
fall of potential V. The resistance is then given by V/z. Instruments for 
the measurement of currents and F.D.s are described in Chapter V. 

Moderately High Resistances—^Wheatstone’s Bridge. —For the measure¬ 
ment of moderately high resistances, the most satisfactory method is that 
known as the Wheatstone’s Bridge. The usual diagrammatic way of 
representing this arrangement is shown in fig. 16, where n, and r are 
three resistances having known 
values, and x is the unknown resis¬ 
tance. A battery and key is con¬ 
nected between A and i), and a 
galvanometer and key between B 
and C. In carrying out the measure¬ 
ment, r is varied until the galvano¬ 
meter shows no deflection when 
both battery and galvanometer 
keys are closed^ Balance is then 
said to have been obtained, and 
there is no P.D. between B and C. Fig. 16 

In order that this condition may 

be satisfied, it is obvious that the fall of potential from A to B must equal 
that from A to c, and the fall from B to D that from C to D. These 
conditions are expressed by the equations 

n h = 4 

and = xi^y 

where Zj, 4 stand for the currents along A B D and A C D respectively. 
Dividing the first eejuation by the second, we get for the condition of 
balance 



which gives us a' in terms of the known resistances. In order to avoid 
spurious and misleading deflections of the galvanometer, the batteiy key is 
always pressed befim: the galva?ioi)ieter key^ and released after. 

In practice, the known resistances usually take the form of coils of 
platinum silver, German silver, platinoid, or manganin silk-covered wire 
wound on bobbins of boxwood and thickly coated with paraffin-wax. 
These bobbins are attached to the lower surface of a horizontal slab of 
ebonite, which is polished on its upper surface, and the ends of the coils 
are connected to a set of heavy brass contact blocks arranged on the upper 
surface of the ebonite. Neighbouring contact blocks may be connected by 
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means of a plug, whereby the coil between them is shorl-ciiruitc<l It i’- a 
matter of the highest importance to have the plugs thorough!}’ elt*an and 
fitting well into the conical spaces intended to rect‘i\e tluan. 

■ Insulation Eesistances-—Direct-Deflection Method. One (»f the most 
monly employed methods for the measurement of \<'r}* high nsistanee-. is 
that known as the direct-deflection method. A high Ii.M.h. is j,»eiierall\‘ 
necessary in such cases, and the resistances dealt with art* so liigh that tla* 
resistance of the battery and galvanometer nia\' he negU*t1ed in et‘inpai i-^on 
with them. The galvanometer and testing ).>atter}' are joiiuHl in serit's witli 
the unknown high resistance a; and the galvanometer n/adini; f/, iioird. 
The unknown resistance is next rejdacecl In* a known high resi^Uanee aiitl 
the new reading ^4 noted. It tlie galvanometer and hatter}* rt*Ni“4aiu 
be negligible, then, assuming the same IC.M.h. to 1 h' UM‘d in h« 4 h rao*., 
and the galvanometer readings to be pro|)ortional to the eurrc'ut^., we ha\c‘ 
ci 

- = or .t' = e r. In practice, if the sanu* hhM.In is used in ohiain 

ing the two readings, it is generally necessary to shunt tlu* gmh anoni«irr, 
in which case its reading must be multi{)lied In* the‘Mmiltipl} iitit |iouer” 
of the shuntif, in addition, the IcM.Ins are diffc’rent in the two i aso^, 


say Kx and , then the factor 


must be introduced into the formula. 


Thus, in the most general case we have 

h:. ■ ^4- 


■where s stands for the multiplying pow’er of the shunt. 

In carrying out any measurements of ver}' liigh rccsislances, it is ex¬ 
tremely important to have all the in.strumcnts and connecting wires 
thoroughly well insulated. 

Silvertown Portable Testing Set—This testing set, which is vtnw' ( on 
venient for approximate measurements of resistance, is capable of numsuring 
from .oi ohm upwards. The general appearance of the instrument is illus ¬ 
trated in fig. 17, and fig. 18 gives a diagram of the connections, b’or 
resistances up to 9900 ohms the Wheatstone’s Bridge nuAhod is used. llw. 
“ratio arms ”, corresponding to and ro of fig. 16, arc represcntc'-d In* tlie 
coils marked 10, 100, and 1000 in the lower part of the diagram r>f ctumt'i* - 
tions, fig. 18, and the adjustable arm (r in fig. 16) is re|)rcsentecl h)' tlu* two 
sets of coils marked “ tens ” and “ units The coils in the ratio arms are 
thrown into circuit by takmg out the corresponding |>lugs; l)ut ?n Uit^ ca^t 
of the adjustable arm, one plug is provided for each set of circular aniUici 
blocks, and the amount of resistance introduced is given by the numlH:r 
opposite the plug. If either of these two plugs be w'ithdrawn, a ccunplete 
break results. The unknown resi.stance is connected to tlie Uvo tcrniinals 
marked “bridge terminals” in the diagram. The battery is connected to 
the. two sockets marked “bridge” by means of flexible wires ending in 

^ The ‘multiplying power’ of a shunt is the number by which the c.urreiit pasning through the 
galvanometer must be multiplied in order to obtain the current in the main circuit. CorresjKuuhug ut 
shunts of and the multiplying powers are lo, loo, and looo. 
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plugs. No battery key 
is provided, the inser¬ 
tion or withdrawal of 
either battery plug 
when the other is in, 
making or breaking 
the battery circuit. 

The key seen at the 
left-hand side is the 
galvanometer key. 

If the resistance to 
be measured exceeds 
9900 ohms, the direct- 
deflection method is 
used in place of tlie 
Wheatstone’s Bridge. 

The battery plugs 
are transferred to 
the sockets marked 
“ insu^ ”, and the ends 
of the unknown I'e- 
sistance are connected 
to the two upper terminals marked “insul“” and “earth”. 
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are now taken: one with a [.iu- iiwTtr.l int.. tin- h..].- umim-,! - m- ui-', 
which introduces the unknown ivsistantrJtn*» !l'io i.i !»•! unh tlir 

plug in the hole marked “ 5 c).ckx) oIhun , tin-, ».Mur-. t ■ dir .'.ui 

resistance and for it substitutes uhne., Ilir -ah ai.'■iL-n i ..ah i> 

marked so that the readings are proporiiMna! !»> t!io iunrii:- l\ i. m 
general necessary to shunt the galvan. »melrr vdlim t.-ilia,,. !uf -rr,.nil 
reading, and it may further bt* n(*ee^.Har\'' to r«"»iu»e ilie !• \l I, h\ iriii- 
a smaller number of cells in tlu‘ tt^aing batiri\^^ 

When using the instrument it nima be liarllt'd .md o-! ihai iIu^ 
pointer attached to the needle slandN at /ei**; iIun r !*>U5:d by 

trial, the instrument being turnetl abmit a \eiiu.ii asi- In J'-' c.. .4 thr 
little permanent magnet let into tlu* last* ot tlir m tiunirj;! « .* .ij.v ■ wn in 
fig. 17) and capable of rotation abt nit a hon/oulal a\e-, tbe rn Uiu la* ^ 
the galvanometer may be varit'd. 

A portable battoy of “dry cells’* fm' um.* uilh tin* lu-.lnnmmt 
supplied by the makers. 

Evershed’s Ohmmeter. —-I'lie idea of an inHlrunaait iap.dlo »4 gnm;; ihr 
values of resistances directly in oliins vvas oiiygiially • ii-;;* ' if d b\ I n4r t.j-, 
Ayrton and Perr)'. The general principle <»! mh h an ni t iument 1 tllu'. 
trated in fig. 19:— Imagine a magnetic ncn*dlt* plat ed m a iirld «huli 1% ihc 
resultant of a constant field and a varialtU* field of » on tant dur, 1 Itm 

as the variable field (of constant directitm asHtmte'* al! p*rw.sliii“ \ be 
tween a zero and a certain maximum value, the pM^atiou «4 tli'- la r ole. «!in h 
is always along the resultant fiekl, will vary e t»ntniu*ni !) Mitaiii 

limits depending on the relative dircHtions td ttu* tu** >iii«e the 

direction of the resultant remains unaltered if both tield * lie .dn n-d in llie 
sa 7 ne ratio^ the position of the needle w ill depmid simp!) t*n the ^a//c *4 dw 
two fields. 

Suppose, next, that one of the fuTis is prorhued In* a f‘<i! «*l t»*sri,mt 
resistance connected to a source of M.M.Ih, while tlu' ntlin is |n.»du*rd by a 
coil joined in series with a variable resistance and tonnrtied !»» the Mtme 
source of E.M.F. As this variable resistaiu i* is imltiimlel) imira >ed \hnn 
a zero to a very large value, the position c»f the nreille stesidi!) * haiiis-., anri 
from what has been said above it follows that the* value «»! ilie 
supplying both coils does not affect the ptKittnii nf the la-ftilr, uhah is 
determined solely by the value of the variablt* re Ttaine. By uany, a -el 
of known resistances the instrunient may be “ califjraterl or made direct * 
reading, and on then substituting any unknown n-siaamc* llie \alue nt tliin 
latter may at once be read off. 

The great defect of such an instrument is the iompaialivi*!)’ niall 
degree of accuracy attainable, since the scak* (‘vtemlN finni /eo* |m iiiiniiiw 
Hence, although there is no reason why such an imUrumfii! iMsilii ii‘'t be 
used for the approximate measurement of an\' range of ir a f.tiicr.. prac 
tically it is only employed in cases where a verv Itigli degree l U a* < 111 .a >■ 
not required, viz., for the measurement of very Ingli or in iiliiiMii ri’si 4 
ances, such as that of the wiring in a building. * An iiisirmiinit deu ed t^r 
this purpose by Mr. Evershed, and known as Ivver-laars Mfg;ger ’\ i> \ciy 
largely employed 
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The general appearance of the instrument is shown in fig. 20. 1 ht* 

unknown high resistance is connected across the two terminals staai to the. 
left, and marked ‘Mine” and “earth” respectively. The handle in front is 
for driving the small high-voltage generator which suj)plies the testiiii: 
voltage. The generator 
and measuring instru¬ 
ment are combined in 
a single case, measuring 

X 6 | X 12 inches. 

The entire “ Megger ” 
weighs about 18 lb. The 
scale is fitted immedi¬ 
ately below the top of 
the case, and is viewed 
through a plate - glass 
window provided with 
a suitable coven The 
driving shaft is fitted with an automatic clutch, which lK*;»ins to dip uhrn 
a certain speed is reached. 

The instrument is used as follows:—Tt is stood on a stead) ha r. aial 
the driving handle is turned in a clockwise direclitm, the -.peecl hmii;,; 



1*1)4. 19. Ui.igiMiu .sluiWiu^ I’uu* !■'-» 

V, Source of Prc’NSure; <t, CurroiU in sriif* u ith J \f* n; J’r i { 
i*r, Pressure C\»i! directly cniiuecictl to Pres-.mr, •; 

X, Resistance uiulcr test. 



Fig. 20 . - Evershed’s Patent Megger 


gradually increased until the clutch is felt to slii>. 'Fhe value ..f tl„- 
unknown high resistance is then read off on the scale. 

In the original “ohmmeter” devised by Ayrton and rerrv,:uiii sh.m n in 
fig. two fixed coils and a moving magnet or needle were Jirovided. •Hu- 




UAntr uHDrn irnr 


iMg. sc.—Kvershcd’s Fatt-nf rM-l.uiaf.'i-.- 

A, Generator Armature, n, Generator Comumtator; c, Ohumictrs fsiurNf t 4' , ! ,nf!» |, nan;*! ... < ;-,un ! I’l.a* 

HH, Annular Air Gaps; k, Iron Core; i,, Line 'rcnnijuil; \ FjrM ? j , . ? ,■ .|.n .i j.u.- r 1 

senes with Pressure Coils; k, Kesistauce in series with Cunrut t o;ja . j I rnnn. a- 1 « 4 i ». I'.if.- nir,, 

of Ohmmeter; r, Common Terminal of Current ami Pressure t . ... Trnnmal .1 . .a,., .u t I . 

Pressure Coil. 

for continuous currents (see p. 39). The -cneral arr.iin-anirnt . -f tlir i.wtni 
ment is shown in fig. 21. It will be noticwl tliat th<-'lwa ni-nnanent ha 
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a 






magnets are fitted with pole-])ieces at each en<l. i he pult* fuen*-. a! 
left-hand end provide the instrument field, whilt* thoM* at the liaiai 

end provide the generator field. ,By making the same sc*t el niagne! . - t'l ie 
this double purpose, great economy of space is effirtiah and a ver\ « t 
form of construction is secured. The two moving cauls are riejdl) .ittai hi d 
to a common axle, which carries the pointer of the instruinent. I lie « .ih, 
make a certain angle with each other. One of them, knouai a*- th** 
coil, is connected in series with the unknown 
resistance and the generator, a safet}’ resist¬ 
ance being also included in the circuit. 'Hie 
other coil, known as the prcssttir coll, is con¬ 
nected in series with a very high resistances 
and across the generator terminals. 'Fhe 
hollow, soft-iron cylindrical core placed be¬ 
tween the pole-pieces is slotted on one side 
as shown, so as to admit one half of the 
pressure coil. It is evident that, since this 
coil will tend to move so as to make its a.\is 
coincide with that of the field in which it is 
placed, it will take up the position siiown in 
the figure when there is no current llowing 
through the current coil; this will happen 
when the external resistance is infinite, and 
the pointer will then stand at the “ infinity ” 
division of the scale. If, however, the un¬ 
known resistance is not infinite, a current 
will pass through the current coil and this 
coil will be deflected (as in a moving-coil 
galvanometer, p. 39) in a clockwise diretlion, 
the deflection being opposed by ihv. cou|>le 
acting on the pressure coil, which mo\‘es into 
a field of increasing intensity as the deflec¬ 
tion increases. The coil system is (|uite 
free to move under the action of the re¬ 
sultant couple due to the two coils, there ‘ 
being no control, as the currents are led into 

the coils by means of extremely fine stri|)s, whose* i , o* 

Some fuithei details of the iustrunit*nt are shouai iii 11*^ ^ * |? 

to prevent the instrument from lx‘itig affec: 
pressure coil is made astatic^ witli res])ect to s 
external compensating coil attached to it on on<‘ side, a 
The number of turns in this com|)cnsating coil is m 
couple exerted on it by any uniform fuflei is ; 

couple exerted by the same field on the main pivssun- c 
The connections of the generator are .shown in fig. j; 
useful range of the instrument, the generator is constnu 
of 100, 250, soo, and 1000 at the S|)eed wlien slij)ping 1 

^ constructed so as to be unaffected by any Uvhl 


i 
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A hi|^h-testini>' voltaj^'c is essential, as a defec t in the iiMiLi!i«-n under test 
may not be detected with a lov^' lt-stine, \*>lta';e, 'i he amialiire t*f tlie 
generator consists of several ind(‘|H‘iidci}t cm}!-, spaccsl a! equal aiieular 
distances from each otlu‘r, ami each mil i-. |»r*t\ided with a twi* |iart 
cominutaton I'he several etimmutat*arc* then e»»iinei trd in •.eries, as 
shown in fig. 23. 'File Iv.M.ln dent'h»|H*d In nu. h a -2 neiaiMr i-. u,.! ah» 
solutely stejady, but lluctuat<‘s bt'tweem cfitain liniin . 'UlilcMc'ducIitm 
toothcfl gearing is lised for dnd intt the* n\ a h. n in li' ^, ee. I'he 

normal speed of the driving handle is um> ie\»‘luti* «n ^ per niiniif*-. 

Instruments of this typ<! are made* havin*; a u «*tu! ia!i’;e up In .‘cmk) 
megohms. 


('HAP'rbiK 

AMMhTl'iKS ANU Ml'.FhhS 

Definition of Practical Dnit of Current ! he* iMllMuin;; i , tn*. ,,f 

'trade definition cef the ampeua-: 

77/e awpi'rt\ 'iv/uih has tiu' va/iu' h^rws e/ //;e »e.eAv;;e//e, ///a 

gmaime, and tha Strond of tun<\ is rt-pu'saui.'tl iy Ah ///>.-a; 1a/o//;c 
currait which, -upen passed thiintyh Ae/.v/ze;/ af nyrafe e/ a;/.w' in 
ivaicr, . . . dtposiis si/irr at the rate op 'oa/ud ta a rfan/mc /v7 second, 

Instiunumls intended |<>r the imsisureniciit ‘U currents are tmujed 
aninir/crs. 

Ammeters. In ordc*r that the intncduc tictn nf asi aniuuirr mav' n*»t dis- 

Curb the existin'^ cniiditidiis ..I' ;i .iniiil, ibr ir.i j.m.f tin- in tiiiiiicnt 
niust be iieLtliciiblc in I'diujtari'.nii witli that iit ilir niiiaiiMli'i' i it tlu' i irniit. 
This is line reason why it is <lcMral>]<- to niak.- lb-- n- iaan..- ..fan ainiuci.-r 

as hnc as passi/dc. 

Tlierc is also, howevta-, anotlirr rra'.on. Tiir p..«.T ah orbrd by an 
ammeter is spent in producind heat in tiie in-irmnent. an.l the ain.iiiiit of 
power so used is qven by rr\ wliere ; i-. t!,,- r,-,i,t.,n. .• of tb<- ammeter, 
and ^ the current. 1 lie power wa- 4 ed is therefori’ re.iuted to it-, sniallest 
practicable amount by inakin).t' r as smali a'- po . -ible. 

In the con.struclion of ammeters, ue mav make n e of eifiier the Iieatinf 
or the maf,metic effect of an eliH-trie current.’ 

Hot-Wire Ammeters.— ,\ hot-uire anuneti'r coiia ,t . es-entially of a short 
piece of platinum-silver wire whicii is heated l.y the current, .md a suital.le 
arrang-ement for maKUiifyiiuj the e.xpaiision ,,f tlu- wire when Imt. .Such 
instuunents are of siiecial importance in connection with ahernalins,^ 
currents, and a detailed description of their construction will be fouiKi 
in the .section of this treatise which deals with alternating - current 
measurements. 

Electrodynamic Ammeters—Siemens Electrodynamometer. The dynamical 
action (explained in Chapter 11; uhich e.vists between two conductors 
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a,mm!:ti:ks axi> vru/i'MK'rKiis 


convcvini^" currents is utili/ssl in the rnnstrui*li«»n “I an nu|n.rtain »4 

instruments, wliieh wc may call i/tYfrth(rfhim,u inAnimrut"-.-. t 
oldest ami iK'st-kn* »u u td' thr%r the .S/ewe/ev fift 

trated in -.|. 1^ (MU-a-a'-. <d'a ilxeti and a unaalile 4 • al arr.iir.e'd. vuth 

their |)laius at riylit aneje, oa» h *.thm\ and eMniii** ted m . I he 

movable e«»il su -yendetl by a • ilk thiead. am! the* minim! entei - and 

leaves it ln‘ tue mereiu)' tu|»« iut** uhi«h the end < * *! tlir“ 4 .a! dip, 1 lti'« 

coil carrits a peiuter lumt -e tliat it-- i-xtreimt) i-* «apablr 4 m-mn;:, 

throuifh a small raun.e limite«i by tu*i -t-p-,. .am' a paatluated li< a)/• si!a! 
circular st.*ale. C,>\er the same afale ma\' be mowii In band a p^anfrr 

attaclied to th<‘ tnraitai head ei a tine ‘oh 4ee! ‘..piral •pnn:. isaam 

cud is riyJdK’ tixis! t»* the ttip <»{ tht" m«n 
ablcctiil. \Vhen a t unent paa^-, tliMiu*;h 
the iustruuumt, tlu‘ pointer atta« Inal t4» 
the movalik* ceil 1. tlmnvn ayain .t the 
rielit-haud sto|i; Init In’ tuniiny the tor 
siondiead and so tuiatin;,: the spiral spriny., 
the movable eoil ma\‘ 1 k^ reatoiaai to its 
normal or zm'o |n.dtiou. 

The Siemens (Ta trodynaniometm* 
obc\’S a very sim|>le law. W'heii the 
moval)le coil is in its /ero pci-.ition, the 
couple due to tin* toraou <»! the spriny, 
whicli is proportional to the anpji* oi tor 
sion, k‘alamx:s tin* elta/trodynamit coupk- 
due to the curnmt. d'his latter, houmer, 
varies as the .u/uinr of the current; tor 
it is |)ro|)ortional to the in'odut t of the n,: ,< 4 . ,, - a > 

current tlironyh the nun able* t'oil into the 

field in which lliis coil is placed; tht* tiehh however, i- that |irodu» cd bv 
the fixed c<uk and is proportional to the l urrent flow ini; thronyh it, w tm !i 
is the same as the t.:urrenl throuyji the unnabk* t oik I hir^ tlie iuiien! 
= constant x ^/anyle of ttifsion. 

In order to prevent the tsarth’s fiehi from tcxertiiii; a tMU|ile «»ri lire 
movable coil, the instrumcmt must he st» plactal that tlie plane .if tlm. 
is perpendicular to the t‘arth*s fudd^ 

In the illustration, three t(.*nninals are shown. Hie middle tmuunak 
which is always used, is coniuxletl to the Io\\<*r nu*nmr\^ cu|n and ^o to mir 
end of the movalde coil, d'he otlnu’ tani of this i'oil tlip-.. into ilir ii|fpcT 
cup, which is connected to the junction of two fixed coils, 4»n!y one of winch 
is in use at a time. Idle othi'i* ends of these coils are (’oimtsird to iJie iwn 
extreme terminals. One of the fixed coils ct»nsists of a com|*arati\«d\'' ktr;.:** 
number of turns of thin wire, and would he iHod for tlie uuw^^mrnirtit of 
small currents, while the (dher is wound with thick win*, lias onl\' a tew 
turns, and is intended fm* the nieasurenumt of larycr currents. 

Lord Kelvin’s Current Balances.■■■-hdectrodvmamic iustruineiitH known a-* 
Current Balances have l>een constructed by Lord Kelvin. The\' pMs*.oss 
a very high degree of accuracy and are fretiuenlly used as 
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ments. The general appearance of such an iicAninniil uill hv st'vn fnii: 
fig. 25. As in the Siemens elcctrodynann nnctcr. \u* luao Iliw Im dr.i 
with a system of fixed and movable* coils. !»> usn;: tu** ,,,i] 

which carry currents in opposite directions^ .in iiaaalMo -y tem i 

obtained. The two hiovable coils are mouuterl at llie eiul-^ ♦»! a baLmo 


Fig. 25.—KclvijjS UrTi.llUprrr iCtLiJ.* r 

beam, and above and below cadi movable coil !•. a lixed coil, 'I'lie direc¬ 
tion of the currents is shown in 2(>, and it will be >.eeii that eat li jiair 
of fixed coils produces a radial horizontal lielti in uiiith i*. plated the 
movable coil. The connections arc sudi that the left haiitl tuil lent!*- to 
move down while the rig’ht-hand one tends to mttve up. My reaMiniiip. 
similar to that employed in the clc.scri])tit)n i>l' the .Sit-mem. elei trotiyiia- 



mometer, it is easy to .see that the deflectint;- fouple at tiii!,: on the mtw.ihle 
system is proportional to the stjmn- of the current, ■riii-.'dellft tin;.; t ..nple 
is balanced by sliding a weight along the fuu-ly tlivitieii or nio\ai»'le -t ale 
attached to the balance beam. Since tiie hala’nein;; i tuipie \aiie. a. the 
displacement of the weight, it follows that the current is pr..pt.rtional to 
the s(^uctTc TOOt of the displacement. Ihe ii.x<*d ttr inspet littual seah* seen 
above the finely-divnded scale in fig. 23 has tiivisious proport ion.tl to the 
square roots of the corresponding divisions .>n the movable stale, ami the 
value of the current is obtained by multiiilyin^i tlur fixed st ale leadings hv 
a certain constant. 
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One of the chief features of these instruments is the ingenious manner 
in which large currents may be conveyed into and out of the movable 
system of coils without interfering with the flexibility of the suspensions. 
The method adopted is shown diagrammatically in flg. 26. The weight 
of the balance beam is borne by a double set of suspending '' ligaments ”, 
which consist of a number of very fine copper wires laid side by side and 
soldered to suitably insulated contact - pieces. The current enters the 
movable coils by one set of ligaments, and leaves by the other. Hundreds 
of fine copper wires are required in the case of instruments intended for the 
measurement of very large currents. 

Lord Kelvin’s current balances are among the most accurate and reli¬ 
able electrical measuring instruments constructed, and are very frequently 
employed for checking other instruments. They are not intended to be 
used as ordinary commercial measuring instruments. 

The scale of a Kelvin balance is rendered very open over the greater 
portion of the range of the instrument by the simple device of providing 
three or four different sets of sliding weights which are simple multiples 
of each other. A different constant will then correspond to each sliding 
weight. In order to maintain equilibrium of the balance beam in the zero 
position of each weight, a set of counterpoise weights is provided. These 
latter are made cylindrical, and are supported in the triangular trough seen 
to the right of fig, 25, a cross-pin which passes through the counterpoise 
fitting into a hole at the bottom of the trough and thus giving the weight 
a perfectly definite position with respect to the beam. The slidia_^ weights 
fit over a carriage (clearly shown in fig. 25), which may be moved along 
the beam by pulling one or other of the two strings attached to a self¬ 
releasing pendant and passing outside the glass case which is placed over 
the instrument when in use. 

The Siemens electrodynamometer and the Kelvin balance are both 
examples of zero instruments^ i.e, instruments requiring an adjustment 
before a reading can be taken. In an instrument intended for ordinary 
commercial work the necessity for such an adjustment would be considered 
a very serious disadvantage. Hence all ordinary commercial instruments 
are direct-reading dejiectional instruments; i,e. they indicate the value of the 
current by the position of a pointer moving over a scale marked in amperes, 
no preliminary adjustment or reference to tables or multiplication by 
a constant being required. 

An important feature of the electrodynamic class of instruments 
(which tliey share with instruments of the hot-wire type) is that they 
are capable of giving correct readings on alternate-current circuits without 
requiring recalibration. 

Permanent-Magnet Ammeters—^Weston Ammeter.—One of the most com¬ 
monly used types of ammeter is that in which a coil of wire is pivoted 
between the poles of a permanent magnet, and by its deflection when 
conveying a current indicates the amount of current passing. This type of 
ammeter has recently come much into favour, and is being manufactured 
in a variety of different forms. Such an instrument is really a moving-coil 
galvanometer, similar to the one illustrated in fig. 9. The deflecting couple 
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due to the current is balanced by the controlling couple due to the coilii 
of two fine hair-springs, by one of which the current enters the coil, at 
leaves it by the other. It is evident that the cross-section of the spring 
must always be small, otherwise a very powerful deflecting couple—cu 
to the great rigidity or stiffness of the springs—would be required 
produce the necessary deflection; and a difficulty thus arises with lai^ 
currents, which would either fuse or seriously damage the fine spiin^ 
if allowed to pass through them. This difficulty is overcome in a vei 



simple and effective manner by allowing only a small fraction of the 
current to pass through the moving coil, the remainder flowing through a 
special resistance or shunt placed across the terminals of the instrument, 
\\ here very large currents, amounting to hundreds of amperes, have to 
be measured, it is usual to make the shunt quite separate from the 
instrument proper, which is then connected across the shunt terminals 
b} means of flexible leads supplied for the purpose. For moderately 
large currents, however (say below loo amperes), it is usual to enclose 
the shunt in the ammeter case. 

One of the best-known forms of permanent-magnet ammeter is the 
eston ammeter. The construction of one of these instruments is 
shown in fig. 27, which represents a switchboard type of ammeter with 
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the front cover removed. To the poles of a horse-shoe magnet are 
attached soft-iron pole-pieces, hollowed out so as to form a cylindrical 
cavity, into which is introduced a soft-iron cylinder whose diameter is 
less than that of the cavity, an annular space being thereby formed. 
The moving coil embraces the cylindrical core, its sides being capable 
of moving in the annular space. The hair-springs attached to the ends of 
the coil are made of phosphor-bronze. The outer end of the top spring 
is soldered to an arm projecting from a small slotted circular plate, clearly 
seen in the illustration. By slackening the two small screws which fix 
this plate the plate may be rotated through a small angle, and thus 
the position of the pointer adjusted to the zero of the scale when no 
current is passing through the instrument. The pointer is of aluminium, 
and the coil is wound on an aluminium frame which, by the damping 
effect produced during its motion across the field, renders the instrument 
extremely dead-beat. The 
springs are connected to two 
straight wires seen projecting 
through the back plate of the 
instrument, and on the other 
side of this plate the wires 
are soldered to the shunt ter¬ 
minals, as shown in fig. 28. 

Permanent-magnet instru¬ 
ments belong to the class of 
polarized instruments, i.e. a 
reversal of current produces a 
reversal of the deflection. In 
a well-constructed instrument there should be no appreciable weakening 
of the magnet with age; a sudden weakening may take place if an ex¬ 
cessive current is momentarily passed through the instrument, as such 
a current exerts a demagnetizing effect on the magnet. 

If the magnetic field in which the coil moves be uniform, the deflecting 
couple will vary in proportion to the current, and the scale will be one 
of equal divisions. 

Soft-Iron Ammeters.—Ammeters in which soft iron is used form a very 
numerous class. They are generally of relatively simple construction, 
and some forms are obtainable at very low prices. All soft-iron instru¬ 
ments suffer more or less from a defect which is known as the hysteresis 
e 7 ^ror, and 'on account of which the instrument gives higher readings 
when descending than when ascending the scale.^ 

The principle on which all such instruments act may be very briefly 
stated by saying that a mass of soft iron always tends to move from 
weak to strong regions of a magnetic field. The movable part of the 
instrument consists of a piece of soft iron,.and the fixed part is some 
device—either a simple coil or a coil provided with a core—for producing 
a field of varying intensity by means of the current to be measured. 

^ The reader will readily understand how the hysteresis error is caused by referring to Chapter VII, 
on magnetic measurements. 
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As an example of this tyi)e t.f instrunn-iit uo ‘•li.iu . - 
lord Kelvin’s Ampere Gauge.-- This is ilhe4r.itr.i in i 
of a fixed coil of wire anti a inoyahlo. very thin, "t! n 
from a .sector attached to a horizontal axis . .niAni;; 
normal position of the movable pait thi^ hati i ' 
the coil; and this latter exerts a sunknu; .fii-u > 
a current is sent throu^di it. The controlhn;.; too 
gravity. 

Calibration of Ammeters.— An amnietor ina\' In' 
values of its readings ascertained, by one "t tin- i-' 
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3. By the potenli<»nu*t(‘r 



Use of Copper Voltimeter.—.Mlhough in the !>•••..il 
ampere special reference is made to the sib or solianiolyn .ii A 
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appreciably under different conditions of working. Stall \aiiaiiMn’^ art* 
not real, but only apparent^ and arc due to the sttlvenl a* lion *4 tin* 
electrolyte on the freshly-deposited copper. I1hs stilvenl at lion fligicanis 
on the density of the solution and on tlu! t(*inperatur«*, ainl in tatiri t** 
obtain reliable results with a copper voltameter tlie tollouiug pret .iutiMiis 
should be observed:— 

The solution is prepared by dis.solving puna ret ryslalii/eti ailphate 
of copper in clean ordinary tap-water until a dmisity t 4 * i.iK j , ifa< lied, 
and then adding i% by volume of .strong sulpliurie a« id. It dioiild be 
replaced by a freshly-prepared solution when tin* agipT‘ta!e tiun* during 
which it has been in use amounts to ten htiurs. 

The area of the cathode plate or [)latc*s should be Mit li tlia! there 
are not less than 50 sq. cms. per ampere of current, and tlie area o! 
the anode plates should always be in excess of that of the talliodes. 


Fig. 29.—Kelvin’s Ampere Gauge 
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The deposition is allowed to go on for about one hour, the current 
being maintained constant by means of a suitable rheostat.^ The cathode 
plates are taken out of the solution immediately after the current has been 
switched off, and are plunged into a vessel filled with water which has been 
acidulated with a few drops of sulphuric acid. They are then thoroughly 
washed and dried, first by the application of warm white blotting-paper 
and then by being held in front of a clear fire or over a spirit-lamp, care 
being taken not to allow them to get appreciably hot. 

The values of the apparejit electrochemical equivalent of copper are 
given in the following table, prepared by Prof T. Gray:— 


Area of Cathode 
in sq. cms. per 
ampere. 

Values of Apparent Electrochemical Equivalent of Copper. 

2° C 

12" C. 

23“ C. 

28== C. 

3 S° C. 

50 

.0003288 

.0003287 

.0003286 

.0003286 

.0003282 

100 

.0003288 

.0003284 

.0003283 

.0003281 

.0003274 

150 

.0003287 

.0003281 

.0003280 

.0003278 

.0003267 

200 

.0003285 

.0003279 

.0003277 

.0003274 

.0003259 

250 

.0003283 - 

.0003278 

.0003275 

.0003268 

.0003252 

300 

.0003282 

.0003278 

1 ' 

.0003272 

.0003262 

.0003245 


The copper voltameter method of calibrating an ammeter is especially 
suitable in the case of instruments obeying a known law, such as the 
Siemens electrodynamometer and Kelvin balance. In the case of other 
instruments, a single determination with the voltameter only enables us 
to verify the accuracy of the instrument for one particular scale reading. 
The voltameter method, which is the one actually employed in the 
standardization of Lord Kelvin’s balances, is thus unsuitable for calibra¬ 
ting commercial instruments over their entire scale. For this purpose 
the next method is more convenient. 

Calibration of Ammeters by Comparison with a Standard Instrument.— 
The instruments used as standards for this purpose are generally Lord 
Kelvin’s current balances. The instrument to be calibrated is connected 
in series with the Kelvin balance, a 'suitable rheostat and a number of 
secondary cells, and a series of simultaneous readings is obtained with 
both instruments. A calibration curve may then be plotted, instrument 
readings being measured horizontally and their correct values vertically; 
or an '‘error curve” may be plotted instead, whose abscissae (horizontal 
distances) represent instrument readings, and ordinates the amount to be 
added to, or subtracted from, these readings in order to obtain the 
correct values of the current as given by the standard instrument. 

Potentiometer Method of Calibrating Ammeters.—In this method the 
ammeter is joined in" series with a known standard resistance (pre¬ 
ferably an exact submultiple of 10), and the value of the P.D. across 
this resistance is measured by means of an instrument known as 

1 Rheostats consisting of troughs of mercury of variable length are very convenient for this purposa 
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Neglect of 
rise to 


Fig. 30.—.Ayrton and Mather Electrostatic Voltmeter 


a “potentiometer” (described below). The P.D. divided by the value 
of the standard resistance gives the true value of current corresponding 

to the reading of the ammeter. 

In the calibration of ammeters it 
is important to have all the connect¬ 
ing wires or cables arranged so that 
there is no direct magnetic effect 
produced on the instruments by the 
current flowing along the connecting 
wires. The latter should be prefer¬ 
ably twisted so as to form a tVvin 
conductor, all large loops or coils 
being carefully avoided, 
this precaution may give 
serious error. 

Definition of Practical Unit of P.D. 
and E.M.P.—The following is the 
legal definition of a volt:— 

The volt, which has the value 

in terms of the centimetre, the gramme, and the second of tmie, is the electrical 
pressure that^ if steadily applied to a conductor whose resistance is i ohm, 
will produce a current of i ampere, and zvhich is represented 
by o. 6 gj^ (t'SIt) electrical pressure at a tempei'aiui'e 

of 15^ between the poles of the voltaic cell knozvn as 
Clark's cell 

Clark’s cell is described in Chapter VIII, and the 
method of using it will be explained when we come to 
consider the calibration of voltmeters. 

Voltmeters—Electrostatic Instruments.—An instrument 
intended for the measurement of P.D.s is termed a volt¬ 
meter. A numerous and very important class of voltmeters 
is that in which no steady current is allowed to flow 
through the instrument, whose deflection is produced by 

the electrical attractions and 
repulsions exerted between 
electrified bodies. Such in¬ 
struments are called electro¬ 
static voltmeters. Most of 
them may be regarded as 
modifications of the quadrant 
electrometer. They possess 
(a) several advantages over other 

Fig.31 types of voltmeter: taking 

no current, they absorb no 
pow er; they are capable of reading correctly on alternate-current circuits * 
and they are free from certain errors which affect other types. 

A description of Lord Kelvin’s electrostatic voltmeters will be found 
m the section of this work which deals with alternate-current measure- 
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ments. We shall here describe two other forms, viz. the Ayrton and 
Mather, and the Addenbrooke instruments. 

Ayrton and Mather Electrostatic Voltmeters. — The general appearance 
of one form of this instrument is shown in fig. 30, and some details of 
construction are given in fig. 29. The movable part or needle of the 
instrument consists of two aluminium sheets stamped i>ut to the shape 
shown in fig. 31 («). The central portion of each is then bent so as to 
form part of the surface of a cylinder, and the projecting pieces are bent at 
right angles^ to the axis 
of the cylinder. The axle 2 

of the instrument is then —rack for raising or lowering needle 

threaded through these SCREW FOR I 

^ 1 .,1 CLAMPING RACK- fc ) ¥ -MILLED HEAD FOR TURNING PINION 

radial supports, and the -vrirri n nm ^ which gears into rack 

needle appears as shown milled head of tangent screw 

in plan in fig. 31 ( 3 ). The for zero adjustment 

ax 4 e is pivoted in jewelled 
bearings, and the control¬ 
ling couple is furnished spirit levels 

by phosphor-bronze hair- p- 

springs similar to those 

used in the Weston am- ^ - 1 —phosphor-bronze suspending strip 

meters. To the top of connected_ J — mirror 

the axle is attached a J petOLE/^-*"—■' '::■== pillars connected to case 

light horizontal pointer of IinTl=^U^^I?fco 

1 • • 1 , octants 

aluminium whose extrem- 
ity is bent so as to move 

over the cylindrical scale —J yT 

of the instrument; this is tr,pod stand 

clearly shown in fig. 30. 

The fixed plates, marked IM ^_\ - tos. .nolo.,no 

F P in fig. 31 (^), consist I / / \ 1 suspension 

of two double cylindrical J \ilpj 

surfaces formed of sheet ^ 

brass. These two plates JIlv j 

are connected to one ter- c octant 

minal of the instrument. Fig. 32.—Addenbrooke Reflecting Electrostatic Voltmeter 

and the needle to the other. 

When a difference of potential is established betw^een the needle and the 
fixed plates, the former is sucked into the space enclosed by the latter, and 
a deflection is obtained. 

Instruments of the form described are made for various ranges from 
40 up to 600 volts. For still higher P.D.s, a modified form, in which 
gravity furnishes the controlling force, is employed. The axle is in this 
case horizontal, and the construction of the needle and fixed plates is 
somewhat different. 

Addenbrooke Reflecting Electrostatic Voltmeter.—The construction of ..a 
satisfactory electrostatic voltmeter capable of reading accurately small 
P.D.s (of the order of i or 2 volts), whether continuous or alternating, 
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Fig. 32.—Addenbrooke Reflecting Electrostatic Voltmeter 
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is a matter |.)rescntini;’ ct>nsi(li*ra!il«* tlilfa iih!?-'j Miiiii unir'.. 

been succcsstully surnunuiti^d b\' Mi'. Addtaihr.vMi- h.i 
the instrument shown usith the h^wrt pafi -f fie* « a iMe-u-d ! 
fii;’. S-* ncxnlle is a dtuible »aH\ r.e h liail •■■n.i-.in, ^ , 

very H^ht sheet brass, as slanui in ft;:. mM 

clisplaccfl relatively to eaeh taher thrMueli an ai^A- -f 4 . , .e.M .ur ni 
ft-om each other by a dise mua. !«am! h-n 1 y-ev t.f u-i 
thin j)hos|)hor - bronze stri]^ are oiupl^^md, the' f*',* 1- in 

supports the weight th(‘ iieedU* and nar- i- di* ni^prr h.i 

of it to the case of tl'U! instrument, ‘fho liri-li! ■<•! !!i»* : .tdarudn 



The fixed plates consist of tw<i eireular bia--- pLitf'- eir*, jd^d iii!* <« m i.Ui!' 
One of these octants, removed from it-- u-ma! p* •■■•in*'*0. r. -rrn iwai;; 

the ri^'ht-hand levelHni;‘-scre\v in fiy. PM at tla* iinddlo »4 it mau d "Utt 
ed^$4e is a hollow cylindrical ])rojeilion with a t lampm,, « wla* h rnahh’ 
it to be rigidly clamped to tlu‘ supporiin;,: pdlir. I .a* h piilai uaiir . iw 
octants, one beint4' below and tlu‘ (ttlu'r abo\r ihr nt-rdlr, 1 !ie po < 

the octants relatively to tlu‘ ntaaile an* indirated la tie’ d'^tt^'d Imr- ii 
fig'* 33 - By sliding the octants up or dravu tlie pillu . iIn' di i.aao i*t ih 
octants from the needle, : nd with it tht* Ne!rali\riir , .4 ihf^ mnuiiieu' 
may be varied. One set of four alternate pillar- m .nlitn! and muhh** n*< 
to the bottom half of the needle and the imailatf'd t^”iniirial «4 the in fru 
ment, while the remaininj^ set of four alternate pdlar - i > **^miotl«‘d !♦* th 
case, and through it to the upper half of llu,! nmdle and llit* iiiini'mla!,e< 
terminal. 

1 For many years, Lord K(‘lvin’.s cjuadrant ♦‘Irrlnnueto' ha*. \»'rn .i\d*:*' !-a- iftr., .tis.ir;: i.sf.t 

ally small coniiniious IMXs; hut when so arrau{M*d itia* urnllr ii ivau; .tn ru<l' ?a >h.5};:* ' th 

instrument is incapable of measurin.i; 
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If we suppose that the terminals of the instrument arc connccitHl tu 
a source of E.M.F., then the needles and octants become charged as Nhowii 
in fig". 33, and it is at once evident that a deneclion of the nercilo will 
result. 

The instrument is shown in fig. 32 with the lower part ol the t a^o 
removed. This is provided with four mica windows arranged at the 
extremities of two mutually perpendicular diameters, and by tliis iiieaie. 
the octants, needle, and mirror may be ob.served without havin;.; to remtae 
the case, and the ray of light is allowed to enter and leaver the imanimeni 
by one of the mica windows. 

The usual lamp-and-scale method of reading the deflections is u ^rd m 
connection with this instrument, and the mirror is clt,raii\' sec*n in fi;:. y* 
above the octants. 

All electrostatic instruments have to be screened from ext(*rnal {-hs tn* 
static disturbances, and for this purpose they are nearly complete!}* enclo rd 
in a metallic case. Some opening must, however, left Idr r«*adini* I la* 
scale, and this part of the case is made of glass. It lias b(*t*n found that 
a very slight amount of friction, such as that ohlaint.^d bv wiping^ the eh^ •» 
with a handkerchief, is capable of electrifying the glass to an extent uliii li 
is sufficient to seriously affect the readings of the instrument.^ In ordrr to 
eliminate this source of disturbance, Prof. Ayrton and Mr. Mather hau* 
devised a transparent conductinii' varnish with which tlu* glass u}a\ Iw- 
coated, and thereby rendered as efficient a .screen as oiu* mad(* of metal 

Resistance of Voltmeters and Temperature EiTor. {)n(* condderation 
which determines the amount of resistance to Ik: given to a \oltmefcr 
whose action depends on tlie pa.ssage of a current is that liie intindur 
tion of the instrument into the circuit should !H)1 materialh* afirii the 
previously existing conditions of the circuit /.c., that tlu* total re 1 ! 
ance of the pait of the circuit included lictween the two point * a« n* . 
which the P.D. is to be measured should not Ik* matL*rialIy aficifed !.\' 
connecting up the voltmeter. Now the change in tint total re j aan» e 
between the two points will be made as small as possii)lr b}- making 
the resistance of the voltmeter as as possible. 

Suppose the voltmetci re.sistance to be (Kuioti'd b\' and tho P |) 
across its terminals by V; then the power ubsorb(*d In* the inunmient 
IS VVr. Hence for a given value of V the pt)wer wasted in lasnin- 
the instrument will be reduced by increasing r. 'Hu's furnislii-*. aiiMtlirr 
reason for giving voltmeters a high resistance. 

In the case of all voltmeters cxcei)t those of the (‘ha-tro.tatie 
the deflection is produced by the current, and since tlu\ Litter dt«p/.nd ' 
on the P.D. and the resistance of the in.strument, it ftFows that it iho 
™der all condition.s, to give the same deflection willi tlie *^anie 
I.D. acros.s its terminals, its resistance mu.st he constant, and iiiug lau 
be affected by either temperature changes in the surreumdim.. ur trm 
perature changes brought about by tlie heating effect of ti;. rurivm 
In order to secure this condition, the bulk of the resistance* of a vm]| * 


^ This difficulty is by no means confined to electrostatic instruments; some other ilr^, dr n i- 
are equally liable to be affected by electriiication of their glass covers. 
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meter usually consists n( a rrM'staiU'r em! woum! wiili a win* ha\'i i r 
very small tcmperatua^ ctH'ffii'it-u! clmu.ui |.i!a!niM.!8!. niauttaj^P 

&c.), while the uvrh'm:' <vi/ voumUw of r,,pprr \un% ihr nf whicl 
enables tlu's ct»il tn be luadt* niia h liajUrr anti iiu^tv « t»i»i|ia«t tlrui ’ 
the - resista!ire anti l<»u ■ tciu|.Miaiure *»»r|ii, iriii mairriai 

employed throiipjaail. 

'riu: resistance (»(* tlu* vnltjnetfa' i'liiini taim.*! be made aliMilytc!. 
constant at all teinpt‘ratun-., and anv' ema au-iu,’ te.iu ti'iiiperaiur' 
c!ian| 4 'es is referrt*<.l te as the tt-mpi-uUnu' or /a,//;!;,.' 

It is obvious that nt» stich eina' r\i na the » 4•■.e * ,| auiiniiers 

Hot-Wire Voltmeters. Iba wio’ \elnnrna-... ma\ |«” ^ Mii'.iniiirc! «>] 

the same priticiple as hot-wire .luiuivift hr- mipisue. of -.y* || in^||-y 


material 
lade aliMilytch 

'Ui ti'iiiperaiur' 


.iUlllHleiX 
'‘Jl'lniilrc! «)] 
‘I aa 11 iustru 

1iMti M|j 

‘milieu will 

u 4 ti{feu?r 
*»^H'ee|ly ui 
aldy.itrd wit! 
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f iiH-itt'. uiil Ilf in 'Ilf f.iifu i.u altci 

ii.itr .tiiiful liif.f infiuf!.! In ...inuii.u wit: 
clf.lt.i.i.tti. u) liuiiifiit h..i ui!f u.Iliiifter 
Jin-.M-.-. thf i.if|»-i!v ft If.nlm;; iMUfftly 111 
altfin.itf miifiji . u< int ^ uhfn • .ililnaifii’wit! 

tiiiiliiiiimr^ I liiifi.l , 

Electrodyiminu' iiiul Ei(>ctromiiff«(.tic Volt 
ineter«. All th.' m tn.i!!.m - nn.if, jhi-, ii,-;,, 
will! It liii\f fiiif.i*!^ Ijffii1 jjliJ if ,f. .iuinif'tt't' 
may In- UfUmi a . i,. A.nai. i 1 na- v. iif Mi.ul 
t«- u .fil ill uiiiilsn;; thf .,,,,1 

!ai;;f a-1, lit |. .n.i! if.i tan.f lia-.ni:; a lif;;!i;;ili! 
tfin| If I a! 11! f I'lflliiifiit \«iti;ui Ilf > I iiiiifi tfti j 

M'l'if . Uitll lilt , f'l'!, 1 hf \\r- t,,j, ilj-.tl'tlliicil 

f'T fvaliijilf. ilhi tj.itfii n, I;;. ), 

, trail.i.iiuif.t inlM a M.lsmftfi In ifnimiiij. th 

p: p 1 • » e f 1 . ’''hunt ati»* ., ft'inil!III! aiid inn 11 

I-IK i4. Kf'lvjiiX s R I-M-r.,u>.r V,i!i ■ . l i n 

iitrtrr *' \e!\ lUnli Se-.l J.ilii o t»y||:itA|ed /// .VrVVc 

with llif ui.ikiif 1 Mil 

lord Kelvin's S.R. Type Voltmeter. A Im'.,,! ,,, «m li!,..,.,-.! v.iUnmU 

kmmvn as thu ■■ .1 t,,nu . .m .iim lif,, lii -t i,„n 

duced by Mr. I'.vcr.slicd . uiif fv.tini.lf m| ulii. !i 1. illu ii.iifd in lij'. 
has recently anne much into tau.iir .m .n. ..nm ,4 ihf au.d! Msit 
which It takes up <m a swit. !ih...ird, d h.- mUiiimfut .hinui in lim i| 
ns uf the .y^. hsiphiin rc<-..rdfr <.r mmiic,; ...1! typf, .uid is -.howii 'i 

'pP I hf m.tyiif! . .uf < in iilar i 

•shaiJC. I he movmt^ dil and iih..sph.ir hiMii/.- h.di -priir.; arc clcarl 
■yn m fi^r 3;_ and other details of c.,n.,tructinii will h.- r<".uii!v unde 
Stood by an ins])ection of this lipiin*. 

Calibration of Voltmeters. viiltmeier.; m.iy he i.dihr.ited hv con 
pauson with a .standard instrument, or hy tiie p.iteiilinmeter inetho, 
It IS neylless to remark that in comp.„i„M siu- readings ,,f tu<. vo! 
metets thc.se in.strunicnts should he cm me. ted /// /•,/>,///,/. .md not i 

the case with ammeters. Kelvin ('enti-ami)Ci 

Balance connected m series with a hit'll resist.m.',-. ami .me of ihr 

* Amim‘ici'.s wf a Miinl.ir p.yirifi ,{{«* ip-rtl. 
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Kelvin^s electrostatic voltmeters, are frequently used as standard instru¬ 
ments. 

Tlie Potentiometer.—The principle underlying the potentiometer method 



Fig. 35.—Kelvin’s S.R. Edgewise Voltmeter 


was originally introduced by Poggendorff, and is illustrated in fig. 36. It 
is essentially a method for determining the ratio of two E.M.F.s or P.D.s. 
Let E be a source of constant E.M.F. (a battery of secondary cells) which 


maintains a constant current 

in the conductor A B, and let - I j- 

this conductor be so arranged ^ § 

that contact may be estab- 

lished at any point C of it (by $ 

means of a slider), the value of ---c-^— 

the resistance A C being accu- K_1 

rately known. If while the cur- /T \-3 

rent is flowing along AB we ar- ^ T 

range a branch circuit between 

the points A and C, including a Fig. 36 

galvanometer G in this circuit, _ j „ -ii .,ico r.rnflnrp 

Sien the P.D. which exists between the points A and C will also Produce 

a current in the branch circuit from A to C, and th.s current tv.U rndn 
cated by the galvanometer. Suppose next that an KM.F. E, is intro 
)„cVd into thl branch circuit, the direction of this E.M.F. being from 


VOL. I. 
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SO 

C to A, le, in opposition to the P.D. existing between those two points. 
If we suppose that this K.M.F. is steadily increased, then the effect will 
be to steadily decrease the current in the branch circuit, and for a certain 
value of Es—when it becomes just equal to the P.D. between A and C— 
the current will vanish, and the galvanometer will show no deflection. 
We then say that Es balances the P.D. across AC. If the value of t-s be 
still further increased, a current will flow from C to A, the galvanometer 
deflection being reversed. 

Instead of supposing that Es is varied while the P.D. across AC 
remains constant, let us now take Es to have a definite fixed value, and 
to represent the known E.M.F. of a standard cell. Balance may in this 
case be obtained by varying the P.D. across AC. This may be done in 
two ways: either by shifting the point of connection C along the wire A B 
while the current in AB remains constant, or else by keeping C fixed 
and altering the current along AB by means of an adjustable resist¬ 
ance R placed outside AB. Let us suppose that by either of these two 
methods balance has been obtained: then we know the value of the P.D. 
across AC, for this must equal the E.M.F. Es of the standard cell. Again, 
if be the resistance of AC corresponding to a state of balance, then 
the current along AC (or along AB) is given by Es/r^. Let, next, an 
unknown E.M.F. or P.D. of amount Ex be substituted for Es^ (this may 
be quickly done by means of the two-way switch shown in the diagram), 
and let balance be once more obtained by shifting the point C, the current 
along A^B remaining constant If r^ is the resistance of A C corre¬ 
sponding to balance in this second case, then Ex/^:»r gives the current 
along AB, and since this has the same value as before, we must have 

Ex/r^ = Es//'j, whence Ex = — Es. We thus have a method of obtain- 

ing an unknown E.M.F. in terms of a known one, and the arrangement 
shown diagrammatically in fig. 36 for doing this is known as a potentio¬ 
meter. 

A simple but crude and not very accurate form of potentiometer is 
one in which A B is represented by a bare wire of high-resistivity material 
stretched along a graduated scale, the diameter of the wire being as 
uniform as possible, so that the resistance of any portion of it may be 
2Lssumed to be proportional to its length, and hence the ratio r^jr^ equal 
tp that of the corresponding two lengths of the potentiometer wire; these 
lengths may be read off directly on the scale. The point C would cor¬ 
respond to a knife-edge contact attached to a suitable slider. 

The main objection to such an arrangement is the want of uniformity 
in the wire, and its liability to become accidentally damaged or destroyed. 
For these reasons, in all accurate forms of potentiometer,^ the slide-wire 
either forms only a small fraction of the total resistance corresponding to 
AB, or else is entirely absent. 

A good though not very convenient form of potentiometer may always 


^ Care being taken to connect it up the right way—in opposition to the P. D. 
* The best-known forms are those manufactured by Messrs. Crompton & ' 
Brothers, and Messrs. Nalder Bros. & Co. 


across A c. 

Co., Ltd., Messrs. Elliott 
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be improvised by using two resistance-boxes, one to represent AC the 
other C B, and, balance having been obtained with the standard cell' and 
the value of A C noted, again obtaining balance with the unknown E M F 
or P.D by varying the resistances AC and CB in such a manner as'to 
keep their sum constant. This is done by plugging an equivalent resist- 
ance in CB when a certain resistance in ab has been unplugged and 

It will be noticed that when balance has been obtained, the standard 
cell is not required to give any current. If it is allowed to send large 
currents, its E.M.F. is lowered, and an error introduced into the measure¬ 
ment. In Older to prevent the possibility of large currents passing 
through the standard cell, 
it is advisable, during the 
early stages of the measure¬ 
ment, to introduce a large 
resistance into the galvano¬ 
meter and cell circuit, and 
then to cut this out as balance 
is approached. 

The potentiometer itself 
as usually constructed is suit¬ 
able for the measurement of 
only relatively small E.M.F.s 
—not exceeding about 1.5 
volt. In combination with 
a .standard resistance, it may 
be employed for the calibra¬ 
tion of ammeters as already 
mentioned, the standard re- Fig. 37 

sistance taking the place 

of Ex in fig. 36 (Ex would be represented by the P.D. across the stan¬ 
dard resistance). The complete diagram of connections is given in 
fig- 37- 

The range of the instrument may be enormously extended, so that it 
may be used for the measurement of very high P.D.s, by the simple 
device of using a small, 2s:c\rc2X^y-known fraction, of the unknown high 
P.D., and balancing this on the potentiometer. 

Subdivision of P.D. by Means of Eesistance—CaKbration of Voltmeters.— 
A known fraction of an unknown P.D. is easily obtained by introducing 
between the two points across which the P.D. exists a resistance of 
known value, and using a known fraction of the total resistance. The 
P.D. across this section of the resistance then corresponds to the same 
fraction of the total P.D. This arrangement enables us to calibrate high- 
reading voltmeters by means of the potentiometer. 

The diagram of connections is shown in fig. 38. A resistance r is 
connected in parallel with the voltmeter, so that the P.D. across this 
resistance is the same as that which exists between the voltmeter ter¬ 
minals. The P.D. across which is a known fraction of r, is then 
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balanced on the potentiometer; if the value corresponding to balance h 
Ex volts, then the true value of the voltmeter reading is Ex 

Eecording Ammeters and Voltmeters.—In many cases it is desirable tc 
have a continuous record of the current in a circuit, or of the P.D. acrosi: 
its terminals, and in such cases 7 'ecording instruments are employed. The 

electrical and magnetic ar¬ 
rangements of such an instru¬ 
ment present no peculiarities 
and are similar to those usee 
in ordinary indicating instru¬ 
ments. But the simple pointci 
is replaced by a tracing poini 
or pen which traces out a recorc 
on a sheet of paper moved a1 
a constant rate by clockwork 
in a direction which is at righi 
angles to the motion of the 
tracing pen. One such form 
of recording instrument wil! 
be found described in a latci 
chapter. 

Short - Scale Instruments. -- 
Electrical energy is general 1 > 
supplied at a constant P.D. 
and many of the voltmeters found in central stations are intended tc 
enable the switchboard attendants or engine-drivers to maintain a constani 
P.D. between certain points. It is evident that under these conditions 
only a limited portion of the scale is used, readings which are either mud 
higher or much lower than the normal P.D. not being required. It is 
an obvious advantage to make the working part of the scale as open as 
possible, and to suppress the remainder. This may be done in a variet} 
^ instance, in the case of a moving-coil instrument the fielc 

m which the coil moves may be made of variable strength by making the 
air-gap of variable length, the shortest length, and hence most intens( 
field, corresponding to the normal reading; a given change in the curreir 
t rough the coil at the normal reading will then produce a much largei 
displacement of the coil across the field than at a reading either lowe: 
or higher than the normal. ^ 

represented by volt 

be reqdrel applicable to ammeterl, should sud 



Fig. 38 
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CHAPTER VI ^ 

WATTMETERS AND SUPPLY METERS 

Wattmeters.—The power spent in any part of a circuit is, as we have 
seen, measured by the product of the P.D. into the current. This power 
is, in^ the most general case, used up in two ways: first, in producing 
heat in the part of the circuit considered; if r stand for the resistance 
of this part, and t for the current, then the rate of heat production is in 
every case given by r (not unfrequently, this is the only way in which 
the power is employed, and if so, becomes identical with V2, where 
V is the P.D. across the part of the circuit considered).; secondly, the 
power may be used in effecting some transformation of electrical energy 
into a form other than heat— e.g. mechanical or chemical energy. It is 
important to bear in mind that the second kind of energy transformation 
is alzvays accompanied by the production of a counter-E.M.F. (or opposing 
E.M.F.), and that the corresponding rate of transformation, or power, is 
given by E z, where E is the counter-E.M.F. Assuming the existence 
of such a counter-E.M.F., the total power is given by 4- E 2 = V i. 

Instruments for measuring power are termed zvattmeters. In the case 
of continuous-current circuits, if a voltmeter and ammeter are available, 
a simple multiplication of the volts and amperes gives us the power in 
watts. A wattmeter would, therefore, in this case be superfluous, although 
it might sometimes be convenient to replace the volt- and am-meter by 
a single instrument. In the case of alternating-current circuits, however, 
the mean power is not in general given by the product of the volts and 
amperes, and the wattmeter in this case performs a much more com¬ 
plicated mathematical operation than a simple multiplication. Hence, 
although wattmeters are sometimes used in connection with continuous 
currents, their chief use is on alternating-current circuits. 

A wattmeter is essentially a combination of a volt- and am-meter. 
It is provided with two windings, one being a high-resistance winding, 
which represents the voltmeter part of the instrument; and the other a 
low-resistance winding, which corresponds to the ammeter part. Four 
terminals are frequently provided, one pair to each winding; in some 
cases, however, there are only three terminals (two large and one small), 
one of these corresponding to the junction of the two windings. 

The high-resistance winding is frequently spoken of as the pressuj'e 
coil, and the low-resistance one as the cnz'reiit coil, of the instrument. 
As in the case of voltmeters, the high-resistance winding consists of 
two parts, one being the working coil of copper wire, and the other, by 
far the larger portion of the resistance, a winding of high-resistivity, 
low-temperature-coefficient material, arranged so that it produces no 
appreciable magnetic effect (wound nofi-inductively, as it is termed). 

Practically every form of wattmeter is an instrument of the electro¬ 
dynamic type. The thick-wire or current coil is fixed, and produces a 
field proportional to the current. In this field is placed the movable 
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nressure coil which carries a current proportiorial to the P.D. Hence 
pressure c , oositions of the two coils, the couple acting at 

tvTnstanron the moLle coil is proportional to the product of the 
? D and current at that instant, f.A to the instantaneous power. If 
the power fluctuates rapidly, as it does in alternating-current circuits, the 
P mean couple acting on the movable 

coil will be proportional to the mean 
power. 

As a typical example of a good 
wattmeter, we shall consider the 
Weston Wattmeter, the general ap¬ 
pearance of which is shown in fig. 
39. The two heavy strips of copper 
seen projecting to the left of fig. 37 
are the ends of the current coil, 
while the small terminals at the 
top of the case are in connection 
with the ends of the pressure cir¬ 
cuit. The method of arranging the 
_. „ „ , connections when using the watt- 

meter is shown in fig. 40, where 
Tr, t/ are the terminals of the current coil, and t/ those of the pres¬ 
sure circuit. The coiled line L represents that part of the circuit in 
which power is being measured. The case of the instrument is made 
of mahogany,^ with the exception of the top, which is of ebonite, and 
which carries the coils. Fig. 41 shows the instrument with the top 
unscrewed and laid upside dowm on the case, so as to exhibit clearly 
- , the current and pressure coils. The 

controlling couple is furnished by the 
^ usual phosphor-bronze hair-springs. 

—Electric Supply Meters — ftuantity 
Pjg and Energy Meters.—A form of elec¬ 

trical measuring instrument which is 
used in larger numbers than any other, is the instrument which is con¬ 
nected to the wiring of a consumer of electrical energy for the purpose 
of measuring the total amount of energy supplied to him. From the 
electrical point of view such instruments may be divided into two large 
classes, knowm as quantity meters (coulomb-meters, or integrating am¬ 
meters ^ and eiiergy-m^t^x^ (w^att-hour meters, or integrating wattmeters). 

Electrical energy’- is supposed to be supplied to a consumer at a 
constant, or approximately constant, P.D. Now, if the P.D. be assumed 
constant, it is evident that the power will be simply proportional to 
the current, and hence the energy to the quantity of electricity (in 
coulombs or ampere-hours) supplied. On the assumption of constancy 
of P.D., an instrument capable of measuring the quantity of electricity 

^ In tne case of all wattmeters intended for use with alternating currents, it is extremely important to 
a^oi use o metylic cases or metallic supports for the coils, as the currents induced in such masses 
01 metai may senously affect the readings of the instrument. 









SOME MEASURING INSTRUMENTS.—Ill 


Kelvin Engine-Room Wattmeter (moving system); 2, Kelvin Engine-Room Wattmeter (case 
removed); 3, Kelvin Engine-Room Wattmeter 


7'oyace i. j4 
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supplied may be used as an energy meter. Many forms of such quantity 
meters are in use. 

A more satisfactory form of meter is, however, one capable of 
measuring correctly the actual energy, and not merely the quantity.^ 
Such a meter is called an energy meter. 

The mechanism of an electric supply meter is so arranged as to make 
the meter read directly in Board of Trade units (kilowatt-hours), either 
on a series of dials—resembling those used in a gas meter—or on some 
other suitably-arranged scale. 

The fundamental law which a thoroughly satisfactory meter must 
fulfil is that the rate of registration at any instant should be proportional 
to the current in the case of quantity meters, and to the power in the 



case of energy meters; and the great difficulty which manufacturers have 
always had to face is the construction, at a reasonable cost, of meters 
capable of obeying this law with sufficient accuracy. 

Electrolytic Meters.—Numerous forms of electrolytic quantity meters 
have been devised. Edison used copper and, at a later stage, zinc volta¬ 
meters ; by weighing the cathode plates after the meter had been in use 
for some time, the amount of copper or zinc deposited could be deter¬ 
mined, and from this the quantity of electricity supplied calculated. 
Such meters, however, are not direct-reading, and involve the troublesome 
operations of collecting’ and weighing the plates. 

Two direct-reading electrolytic quantity meters are in use at the 
present time. One of these, the Bastian meter, consists of a glass vessel 
fitted with platinum electrodes which reach down to the bottom of the 
vessel. The vessel is filled with acidulated water, and a layer of oil is 
floated on the top of the water to prevent loss by evaporation. The 
current passing through the meter decomposes the water, and the quantity 
of electricity supplied is directly proportional to the amount of water de¬ 
composed, and may be read off on a suitably-arranged vertical scale. 

The main defect of the Bastian meter is its large counter-E.M.F. 

^ If the P.D. at which a consumer is supplied falls below the specified value, a quantity meter will 
register an amount which is in excess of the actual energy received by the consumer. 
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(about I.S volt), and consequent large absorption of power; hence it is 

onlv suitable for small currents. , 

'in the Wri^rht electrolytic meter, illustrated in hgs. 42 ana 43. a 

r^negliSiblf D is a" r'eseToir filled with 
mercury, and connected with a flat glass vessel whose lower part pro- 
vided with an annular groove AC containing 
mercury. This circle of mercury forms the 
anode, and as the mercury is used up by going 

into solution, its level lo 
maintained by the flow, at 
intervals, of additional mer¬ 
cury from the reservoir D, 
the place of this mercury 
being taken by the electro¬ 
lyte, which forces its way 
past the narrow neck con¬ 
necting the two vessels 
when the mercury level in 
A C falls slightly. The 
entire vertical glass tube 
seen below AC is filled 
with the electrolyte. The 





Fig. 42.—Wright Electrolytic 
Meter 


conical cathode B is made 
of iridium foil, and the 
mercury which collects on 
it drops into the funnel F 
at the top of the siphon 
tube E, and gradually fills 
this tube. When the tube 
has been completely filled 
(which corresponds to lOO 
units), the mercury auto¬ 
matically siphons out and 
falls to the bottom of the 
outer tube, as shown at G 
in the figures. The current 
which produces electolysis 
is only a small fraction of 



Fig. 43.—Wright Electrolytic 
Meter 


the total current, the bulk of which passes through the manganin shunt R. 
An iron wire resistance is connected in series with the voltameter, the 
value of being so adjusted as to make the total resistance of the volta¬ 
meter circuit independent of temperature changes. When all the mercury 
contained in the reservoir D has been used up, the meter is easily reset by 
tipping it up and allowing the mercury to flow back into G. 

^ From the Journal of the. Institution of Electrical Engineers, by permission of the Council of the 
Institution. In order to prevent any mercury from being sha.ken down the measuring tube from the 
annular anode by mechanical vibration, a guard cylinder of platinum gauze is fixed into the glass lip 
which forms the inner boundary of the annulus. 
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its working range the resisting torque due to fluid friction is proportional 
to the square of the speed. Thus we have (since driving torque = resisting 
torque when a steady state has been reached) the current proportional to 
the speed, and hence the quantity to the number of revolutions. 



f’ig- 4 S---Chamberlain and Hookham Meter 


current be accidentally sent throuah ^ 

ii> sent tnrough the meter—it having been found 
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tliat in this cast*, in tlir narly forms of meter not fitted with the soft-iron 
tulir, t!ir |n)\vi*rful rc'sitlual magnetism caused the meter to run 

tnu taM with th«‘ Miiallt*!* currents. 

Chinaberliiiii and Hookham Mater..'Fhis form of motor meter is shown, 

|iailly ill in tie,. 45. A A is a jnuverful permanent maj^met to whose 

p.4r’. an^ attaelus! tla* M»ft imn p4di*-pieas U ly separated from each 
ill t!io niiddlr Ijv tlie of a i)rass distance-piece C. Below 

thr'4‘ |nri('% is |i!at'rd a piet'r of soft inm h l>, so that some of the 

iiia'sjuii* !inr-. pa*. ^ d‘»\vnwards on ont* side and u|)wards on the other 
a» I’o- - t!io 'Sip wliiih srparatt^N from an. In this Rap is |)laced the 
hiiri/»«ii!al is»p|H*r di-.e uhith forms the* '‘mt)lor disc", the remainder 
of lilt* .pa» r iH-iup, tllh*e! up with mercury, d'he remuininR magnetic 
line*, pa-', up two t y!in<irical polo |>it*c(‘s K on one side, across iron 
!nid.:o pits e-. c,, .md tlu*n down two p»»l(* pie-ees K on the other side, 
III -o doiti:‘, thf' line-. lia\e* cross tlu* air paps inter|)osed in their path 
halt wav up e*ai h p‘4t‘ piea f\ into the’se* air-paps is introduced tlte ‘‘brake 
dio " ‘ n u hiilt i . made e»f a low tempt*raturt*-ctH*fficient alloy, and which 
i% uioiiiilrd o,n thes '.aim* viatica! spindle as the motor disc. This spindle 
i'N 'sMtc'd with die I'ountiny, mcadianiMn. 

d tie I une*nl flows aloap, the* !e*ft Iiaiul copper stn|> K, enters the 
iiua’t UiT, aiitl tlu-n tlou *. through tlu* umten* disc in a diametral direction, 
loaviny,* it by tlu* ripju band eoppia* strip K. dTe inapnetic field in 
wliiih dio diM* is plae od e an .t*s tlu* laltt*r to rotate - the speed of rotation 
beiii’.A at full load. s4ovv, and lumct* tlie friction of the mercury incon- 

side*rablc*. Since* tlu* fH*ld is constant, tlu* drivinp lorciue acting on the 
motor dist‘ will In* simpl\* propeu'titmal to the current. The retarding 
ti)re|iu* is prewbled by the* t‘urre*nls inducc*d in the brake disc on account 
<»f its mofiiui acness a lum unife»rm maorurtic field, and since the intensity 
of thi*. fu*!d nmiains constant, the reiardinp tonpu* is simply proportional 
to tlu* spe-ed. Hence* the siH*e‘d varie-s in direct proportion to the current. 

dlu* inc'i’eairy trfctic»ii lannot, howevt*r, i>e alte^pcthcr ncplccted, and 
ill orei(*r to fialanct* it a esunpt'nsatinp ceiil n is wound round the iipjicr 
ii’ou I u je!'N * * pie*ce* *, this i*oii is supplie*el with the main ciuicnt, and weakens 
the* fudd in wliicli till* brake* disc is placed, durrel>y tendinp to make it 
run faster and thus ce>unlt*ractinR the effect e>f fluid friction. 


CHAPTER Vn 

MAC;N H'rIC MKASUREMENTS 

Magnetic Intensity and Magnetic Induction— Susceptibility and Per- 
meability.^^have alns'uly, in (liapter I, considered some of the more 
important magnetic units. It will now be necessary to introduce^ a 
number of additimial units, which are indispensalfle in connection with 
the lcstin|.f of the magnetic qualities of iron and steel. 
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One of the terms which we have frequently had occasion to use is 
magnetic force or magnetic intensity, and we have defined this as the 
force which would act on a unit pole if placed at the point considered, 
the assumption being tacitly made that the point lies in an air-space. 
Let us now suppose that this restriction is removed, and that we consider 
a point inside a mass of iron. If we attempt to determine the force 
acting on a unit pole by scooping out a cavity in the region immediately 
surrounding the point, and introducing our unit pole into this region, 
then we find that the force depends on the shape of the cavity, and 
varies from a very small to a very large value, according to the shape. 
Unless, therefore, we specially restrict the meaning of the term “ magnetic 
force” or “magnetic intensity”, this term ceases to have any definite 
meaning. It has been assigned a perfectly definite meaning by specify¬ 
ing the manner in which the cavity surrounding the given point is to be 
shaped. We agree, namely, to restrict the term to denote that parti¬ 
cular value of the force acting on the unit pole which is obtained by 
forming the walls of the cavity so that they are everywhere along the 
direction of magnetization of the iron. The main effect of this arrange¬ 
ment is the absence of magnetic polarity on the bounding surfaces of 
the mass of iron which immediately surrounds the point—in other words, 
the effect due to the magnetization of the mass of iron immediately 
surrounding the point is eliminated. The magnetic force so obtained is 
usually denoted by H. 

Let us now take the other extreme, and suppose the cavity so shaped 
that the development of magnetic polarity on its bounding surfaces is 
as great as possible. This will be obtained by making the walls every¬ 
where peypendicular to the direction of magnetization. Let the magnetic 
polarity per unit of area of the wall be Then the ratio I/H, gener¬ 
ally denoted by /c, is defined to be the susceptibility of the material.^ We 
thus have 

I 

or I = /c H. 


^ Let us now introduce our unit pole into this second cavity, and deter- 
mine the force which acts on it This force is defined to be the ma<mctic 
induction at the point considered, and is denoted by B. The ratio" B/H 
denoted by is called the permeability of the material. Thus 

B 

M and B = yoc H. 


Xiao LiiC Vcliue 


_ Instead of saying that the magnetic induction 

given point, we sometimes say that there are B lines of mao-netic'’in- 

uc ion per unit of area of a plane drawn at right angles to the^ direction 
of magnetization at that point to me airection 

moment per unit Chapter I), is identical with intensity of magnetization, or magnetic 
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value of the magnetic induction in a direction perpendicular to the area/ 
and then take the sum of all the products so formed, then this sum gives 
us what is termed the total nmnber of magnetic lines crossing the surface, or 
the total magnetic flux through it. For this reason B is sometimes spoken 
of as the magnetic flux density, since it corresponds to the flux per unit of 
area. 

We may now obtain a relation connecting H, I, and B. The force 
which acts on the unit pole in the second case (walls perpendicular to 
direction of magnetization), and which we denote by B, may be regarded 
as made up of two amounts: (i) the force H, which exists independently of 
magnetic polarity in the immediate neighbourhood of the point; (2) the 
additional amount due to the development of polarity on the walls of the 
cavity in the second case. In order to find this additional amount, we 
notice that the pole-strength per unit of area being I, and the lines of force 
going straight across the cavity, the number of these lines per unit of area 
is 4 TT I, since each pole gives rise to 4 tt lines. But the number of lines of 
force per unit of area is the same as the force acting on the unit pole. 
Hence, this latter amounts to 4 7rl Thus the total force acting on the 
unit pole B is the sum of H, the force existing quite apart from the 
presence of any magnetic material in the neighbourhood of the point 
considered, and 4x1, which is the additional amount contributed by the 
development of magnetic polarity on the walls of the cavity. We thus 
have 

B = H 4 “ 4 

From this we at once deduce the relation 

B . I 

M 

or /X = I + 4 X /c. 

Stress between Two Magnetized Surfaces.—Imagine two plane magnetized 
surfaces separated by a short air-gap, the intensity of magnetization being 
I and the magnetic induction B. Then a unit pole introduced into the 
gap would experience a force of B dynes. This force may be regarded as 
due partly to the north and partly to the south pole-face, the amount con¬ 
tributed by each being one-half of the total, i.e. B/2. Now imagine the 
unit pole placed on one of the surfaces. Then this surface will exert no 
force on the pole in a direction at right angles to the surface, so that the 
total force "on a unit pole which is on either surface is that due to the other 
surface only, viz. B/2. But the pole-strength of either surface per sq. cm. is 
I. Hence the pull per sq. cm., of the surface is J B I. If H be negligible 

in comparison with B, then I = and the stress between the two 

magnetized surfaces, per sq. cm. of area, becomes 

8 tt’ 

^ Tt must be remembered that magnetic induction is a quantity possessing direction as well as 
magnitude. 
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Eelatiou connecting B and H-Magnetization Curves.—If we take a piece 
of iron which is in a non-magnetic condition to start with, and app Y 
a known magnetic force H whose value is steadily increased, measunng B 
(by any of the methods to be explained presently) at the same time; then, 
^ on plotting a curve connecting values 

of B and H, we find that this curve, 
as shown in fig. 46, may be described 
roughly as consisting of three approxi- 
mately-straight-line portions united by 
curves. Such a curve is called a B-H 
or magnetization curve. The upper 
bend in the curve is spoken of as the 
knee, and for any point lying well be¬ 
yond the knee, and corresponding to 
the region in which a relatively large 
increase of S produces only a rela¬ 
tively small increase in B, the iron is 
said to be saturated. 

A knowledge of the exact relation connecting B and B! is of prime 
importance in all problems concerning the design of electromagnets, and 
in the following table we give the data from which the reader may plot 
the B-H curves for ia) cast iron; {b) wrought iron of good quality; (c) 
djmamo-magnet cast steel:— 



H. 

B. 

Cast Iron. 

Wrought Iron. 

Cast Steel. 

5 

1900 

9000 

8150 

10 

3000 

12200 

12100 

15 

3900 

1360c 

14000 

20 

4550 

14450 

15000 

! ^5 

5100 

15050 

15700 

1 30 

5500 

15500 

16200 

1 35 

5870 

15800 

16500 

i 40 

6180 

16100 

16750 

45 

6430 

16300 

16900 

50 

0700 

16500 

17140 

I 60 

7150 

1680C 

17450 

1 70 

733 ° 

17000 

17750 

1 80 

7900 

17220 

18000 

1 90 

8250 

17400 

18200 

1 100 

8370 

17580 

18400 

i 

9200 

17930 

18900 


The Magnetic Circu^Calculation of Ampere-Turns B,equired to Produce 
Given Magnetic Plcx.-Eyery line of magnetic induction forms a closed loop 

the paths followed by the magnetic lines is 
spoken of as the magnetzc circuit, m order to produce a given magnetic 
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flux in a circuit a definite M.M.I'. must be applied to it, and by analogy to 

. . . , . M.M.F. . , , • , . 

an electric circuit the ratio „— is termed the magnetic reluctance 

magnetic flux 

of the circuit. 

W'c shall now briefly indicate how the ampere-turns necessary to pro¬ 
duce a given ilux may be apirroximately,calculated. Let us suppose that 
we proceed around a closed loop which is a line of induction, and that the 
value of the magnetic flux through every cro.ss-.section of the circuit is 
given. I'hen by ilividing the flux by the cross-.scction we obtain the value 
of B in e\'ery part of the circuit. In the most general case, in passing 
along any line of induction we find that B varies continuously from point 
to point. In order to simplify the problem it is usual to divide the line of 
induction into a number of parts, and to 
assume that B has a constant value along 
each [lart. 'riien if the values of H correspond¬ 
ing to those of B be determined by reference 
to the B H curves, the sum of the products 
obtained by multiplying each value of H by 
the correspoiuling length of the curve gives j 
the M.M.F. h'inally, .8 time the M.M.I'.^ gives 
tlic ampere-turns which must be provided. j 

A numerical cxam[)le will make the matter \ 
clear. Let it l>e recpiired to find the ampere- 
turns necessary to iiroduce a flu.x of 40,000 
('.(j.S. lines across the space between the 
parallel jilane faces of the pole-pieces r I'.in 
fig. 47, the area of each pole-face being 8 sq. 
cms., the pole-pii;ces being of cast iron, and the 
sum of the lengths of the portions A li and C l> Fig. 47 

of the dotted line of induction amounting to 

10 cms. Let the length of the air-gap between the pole-pieces be .5 cm. 
F'urther, let the exciting coil be wound on the cylindrical core M, made 
of wrought iron, 4.5 cms. long and 4 sq. cms. in cross-section. 

Of the lines produced by the e.xciting coil at the middle cross-section of 
the core M, only a certain fraction will pass across the plane faces of the 
pole-pieces, a large number leakiu!^ out into the surrounding air-space, 
forming closed loops of induction such as the one indicated by the chain- 
dotted curve in the figure. Before we can solve the problem we must know 
what fraction of tlie total lines [iroduced in M will cross the air-gap, where 
they are wanted. 'I'he ratio of the maximum flux through M to the useful 
flux across 1 ' I* is termed the leakage coefficient of the magnetic circuit. Let 
us assume that in the case considered its value is 1.3. We further assume 
that instead of a uniformly distributed leakage, we have to deal with a 
leakage which takes place suddenly along the edges of the pole-pieces. 
This is tantamount to assuming that B is constant along each of the 
portions DA, A B, B C, and CD of the magnetic circuit. 

Now con.sider each of these portions .separately, and find the correspond- 

^ Sec Chapter I. 
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alues of H. In the air-gap H 


B = 


40,000 


= Kooo. The flux 


mg Vi 

through the core M and the pole-pieces is, on account of leakage, 1.3 
^ . • 52,000 

X 40,000 = 52,000. Hence, B in the pole-pieces = ^ = 0500. 

Referring to the B-H curve for cast iron, we find the corresponding value 

. . IT. 52,000 

of H to be 46. Next, in the wrought-iron core we have B = 

= 13,000. A reference to the curve for this material gives H = 12.5. 
The total M.M.F. round the circuit is thus 

5000 X .5 + 46 X 10 + 12.5 X 4.5 = 3016 approximately. 


Air-gap. 


Wrought-iron 

core. 


Total. 


The corresponding ampere-turns are .8 x 3016 = 2413 approximately^ 

It will be noticed that by far the largest portion of the M.M.F. i.s 
employed in maintaining the flux across the air-gap. Such is frequently^ 
the case in practice. 

Calculation of Winding to Produce Griven BTumber of Ampere-Turns.—- 
A coil may be required to produce a given number of ampere-turns 
either with a given exciting current, or with a given P.D. across its 
terminals. In the former case, the number of turns is at once obtained 
by" dividing the ampere-turns by the amperes. Thus, in the numerical 
example just considered, if the exciting current is given as 10 amperes, 
the turns which must be wound on the coil are 241. The szee of the 
wire under these conditions does not, obviously, affect the result, and 
is determined solely" by considerations regarding the permissible ri.se of 
temperature.! 

Let us next suppose that V, the P.D. at which the excitation is 
to be produced, is given. In order to calculate the winding, we have 
to make an assumption regarding the probable depth of winding, and 
from this to find the mean length of a turn.^ Let the length of turn 
so determined be /, and let the size of wire be such that the resistance 
of this length is t. If we denote the current by z, and the number of 
turns by S, then, since the total resistance of the coil is S r we have 

V V 

z = or z..., 


resistance of mean turn = 


P.D. 


ampere-turns 


Knowing the length I of the turn, we find the resistance of the wire 
per unit of length, rjl- a reference to wire tables then gives the of 
V ire required (in such tables the resistances per looo feet, or looo yards, 
the various gauges at specified temperatures are usually given) 

It will be noticed that in this second case (when the P.D. is given) 

'.An old-established but not very scientific “rule-of-thumb” ..n . - 

tv:re of looo amperes to every square inch of cross-section ° current-density in the 

= In electromagnets of moderate size, the depth of winding lies between i and 3 inches. 
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the anipere-turns depend on the si::e of wire used, and are (so long as 
the length of the mean turn is not appreciably altered) independent of 
the numl^er of turns, or the amount of wire used; this latter is deter¬ 
mined solely by considerations regarding heating. 

Experimental Determination of B-H Curve — Ballistic Ring Method.— 
B}' far the most satisfactory method of finding the relation which con¬ 
nects B and H is to use the sample of the material to be tested in the 
form of a ring, such as the one showm in fig. 14. A convenient size 
is one having an external diameter of about 6 inches, a radial depth of 
I inch, and an axial length of i inch, the .section being rectangular (it 
would l)e an advantage to arrange the area of the cross-section to 
correspond to an exact number of .sq. cms.). This ring is wound with 
some icxD or 200 turns of fine silk-covered copper wire, carefully insu¬ 
lated; this winding, which forms the .secondary or exploring coil, need 
not be uniformly distributed, 
but may be concentrated over 
a small portion of the ring. 

Another, uniforntly distributed 
winding, consisting of .several 
layers, and forming the primary 
or magnetizing coil, is then 
wound round the ring. 

The arrangement of connec¬ 
tions is shown in fig. 48, where 
I* and s arc the primary and 
secondary coils,^ RS a revers¬ 
ing switch, A M an ammeter for 
measuring the exciting current, 

V R a variable resistance, and B the battery (of .secondary cells) supplying 
the current. The secondary coil is joined in series with a resistance r of 
convenient amount.and a galvanometer BG—2>., a galvanometer 

having a long period of vibration and subject to as little damping as 
possible.- 

The problem is to find H, and the corresponding value of B. The 
former is at once found by the method already explained in Chapter III. 
If f = exciting current in amperes. Si = number of primary turns, 
atid / = mean circumference of ring, then the mean \ialue of BE over 
the cross-.scction of the ring is given by 

H* = HiTV*. 

In order to find B, we observe the throw of the galvanometer obtained 
on reversing the primary current. If ^ = cross-section of ring in sq. cms., 
then the change in the magnetic flux through each turn of the secondary 

1 I‘V)r the sake of clearness in the diagram, p is shown concentrated over a portion of the ring; 
in reality, it is uniforiuly distributed. . ^ ... 

-The most convenient form of ballistic galvanometer for carrying out such tests is a moving-coil 
galvanometer of the undamped type {i.e. without any metallic frame supporting the coil). 

VoL. I. . » 
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coil on reversal amounts to 2 B a. If we suppose that the reversal takes 
t secs., then the mean rate of change of flux—which is numerically 
equal to the mean induced E.M.F. in C.G.S. units—amounts to z'&ajt, 
and the total mean E.M.F. (in C.G.S. units) in the secondary coil is 
aBSofi/V, where Sj = number of turns in secondary coil. If now we 
suppose that the total resistance of the secondary circuit (including 
secondary coil, galvanometer, and the extra resistance r) amounts to 

r^, then the mean value of the induced secondary current is — 

and as this current lasts t secs., the total quantity q discharged through 
the galvanometer amounts to 

2 B So ^2: 


whence 


B = 


2 Sj « ^ 


(I) 


All the quantities on the right-hand side are known except q. The 
final step, then, is to find the connection between q and the corre¬ 
sponding throw of the galvanometer, i.e. to calibrate the galvanometer. 

There are several ways of doing this. The most satisfactory is to 
use a standard solenoid (some 4 feet long and 3 inches in diameter), 
uniformly wound and having a small exploring or secondary coil inside 
It at the middle. When all the readings have been taken with the 
sample ring, the standard solenoid is substituted for it, and the throws 
obtained on the galvanometer scale by reversing a number of gradually 
increasing primary currents are noted. The corresponding quantities 
may now, however, be easily calculated. For since H has the same 
numerical value as B in this case (there being no iron core), the flux 
through each turn of the secondary coil is given by 

1.257 S/ i, a, 

k 

where Si' = turns in solenoid, 4 = current in amperes, = area in 

Spterllir 

the^L'^vS'lnH employed above in connection with 

^dlen a'”primar^ discharged through the galvanometer 

primary current of Zj amperes is reversed the value 

£_Xi:257Si:s^^ 

r=.:xr “ xHxS. 
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■Spring balance 


obtained in the experiment with the sample ring. Formula (i) may 
then be used for calculating 

Traction Methods—S. P. Thompson’s Pemeameter. — The ballistic-ring 
method just described, although requiring a considerable amount of 
time and experimental skill, is the most reliable method as, yet devised 
for the magnetic testing of iron or steel. A rough workshop method, 
in which the value of B is calculated from the pull required to separate 
two magnetized surfaces originally in contact, has been devised by 
Prof. S. P. Thompson, and will now be briefly described. 

The instrument is shown in fig. 49, and is termed by its inventor 
a {>ermeameter”. The specimen is in the form of a cylindrical rod, 
which j)asses through one side of a ma.s- 
sive rectangular block of iron, technically 
termed a “ yoke ”, into a magnetizing 
solenoid, the lower faced end of the rod 
butting against the faced inner surface of 
the yoke. The cr(.)ss-sectional area of the 
yoke being very much larger than that 
of the rod, B inside the yoke will have 
a small value, and H in the yoke will be 
very small in comparison with its value 
inside the rod. We may therefore neglect 
tlic wt)rk clone in carrying a unit pole 
along a line of induction inside the yoke, 
and assume that the M.M.F. consi.sts 
entirel)" of the work done in conveying 
the unit pole inside the rod from end to 
end of the .solenoid. On this as.sumption, 

H = 1.257 S///, where S = turns in 
.s(jlenoid, / = current in amperes, I = 
distance between inner faces of yoke. 

The pull reciuired to detach the rod 
from the yoke having been found, we divide this pull by the area of con¬ 
tact (or area of cross-section of the rod), thus obtaining the stress per 
unit of area. If this stress be expressed in dynes per sq. cm., then, as 
we have already shown, its value is B^/Stt, and we have a means of 
calculating B. 

Eesidual Magnetism—Coercive Force—Hysteresis.—When a piece of 
iron is subjected to the action of a magnetic force which is subse¬ 
quently withdrawn, the induction does not disappear, and in general 
a very large fraction of it is retained by the specimen. The curve con¬ 
necting B and H is, in fact, for descending values of H totally different 
from the curve for ascending values. This is shown in fig. 51, where 
O P B is the ascending, and B C the descending branch of the curve. 



Screw clamp 


BLOCK 
OF IRON 




Coil 


Fig. 49.—Thompson’s Permcameter^ 


^ It nuLst be particularly noted that all the quantities on the right-hand side of (i) are in C.G.S. 
units. So that if the resistance of the secondary circuit is, e.g., given in ohms, then before substi¬ 
tuting in the formula it must be multiplied by lo^. 

From Prof. Ewing’s Magnetic Induction hi Iron and Other Metals, By permission. 
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The induction OC which remains in the specimen is termed residual 
induction, and its value depends, for a given specimen, on the maximum 
induction previously reached by it. Thus, if the maximum induction 
had been carried up to the point D in fig. SO, the corresponding 
residual, induction would have been represented by O E. The property 
possessed by the magnetic materials of retaining a certain amount of 
magnetization after the withdrawal of the magnetic force is sometime.s 
spoken of as retentiveness. In order to wipe out the residual induction, 
a definite magnetic force O F must be applied in the reverse direction, 
and this force—which will, of course, vary with the residual induction 
—is termed the coercive force for that induction. 

If in fig. 50 we consider any value of H — such as O G —then corre¬ 
sponding to this value of H we get a value of B which is represented by 



Fig. 50 


GH if the specimen is thoroughly 
demagnetized to start with, and 
H is simply increased from zero 
to o G. But we get the \'cry 
much larger value G K if H i.s 
first increased to O M, and then 
brought down to o G; and the 
still larger value GL if it is in¬ 
creased to ON, and then reduced 
to OG. In fact, corresponding 
to any value of H we have an 
infinite mimber of values of B, 
depending on how the par¬ 
ticular value of H has been 


, - , . arrived at. There is thus no 

definite connection between these two quantities, unless we specify the 

T’r’’ 4 " ^ ® When we .speak 

ot the B-H cur\'e”, we always mean the particular curve obtained when 
the s{^cimen is thoroughly demagnetized to start with,i and when H i.s 

steadily increased, and never allowed first to increase, and then to decrea.se, 
or vice versa. ^ 


H a d thr f ’ V 5 °) is reached we first decrea.se 

win tl? T U ^rirve connecting B and H 

orSLa? R ^ St H has regained 

Its ordinal value, B will have increased by a small amount. 

savin''^ thTt\TS T T may be summed up by 

stateitWhLT T retain its magnetic 

Vnot as the magnetic force being always ahead, as it were 

The term "hysteresis, ’introdSedX''pro^?’ '^ite induction. 

iron^te*suSecte 7 toTs^S Determmation.--If a piece of 

jectea a senes of cyclical changes in the magnetic force, 

^ Such demagnetization is effected bv subiertino- • 

undergoes nrpid reversals while its arrtount slowly li™iXs'an" 
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consisting of repeated applications of it in opposite directions, the mag¬ 
netic force increasing continuously from a zero to a fixed maximum 
value, then the curve connecting B and H will take the form of a closed 
loop, as shown in fig. 51, which consists 
of an ascending and a descending branch, I 

the two branches enclosing a certain 
area. Such a closed loop, representing p 

a ct)m[)lete cycle of magnetic operations, 
is termed a //rs/rrrsis Loop, 

I'hc experimental determination of 
the liysteresis loop corresponding to a 
given maximum value of B or H is a 
matter of extreme importance, and we 
shall now explain how this determina¬ 
tion may he carried out. 

'Idle loop being symmetrical, it will 
be completely determined by finding 
either of its two branches. The most 
convenient method is always to start 
from the corner or peak of the loop, A 
in fig. 51, and to observe the throws of 
a l)allistic galvanometer obtained on •“ ^ 

passing from A to a number of points 
n, I), &c., on the descending branch, Fig. 51 

the calculation t>f the changes in B and H 

l>eing carried out as already explained in connection with the B~H curve.^ 
In order to pass from A to li, for example, all that is necessary is to 
suddenly reduce the current by 
an amount corresponding to the 
value of H at that |)oint; and this 
may be easily done by suddenly primary con. 
unplugging resistance in the pri¬ 
mary circuit. By varying this /—\ 

resistance, a .series of points °. Jam\ -^ 

between A and D may be ob- k 

tained. In order to reach a > 

point (such as k) which lies 

lower down, to the left of the ^ s ^ 

B™axis, a rn'orsai of current is I_ 

necessary, but the reversed cur- | 

rent must have a value much WVWV\A<> 

smaller than the maximum cor- — | | |- 

responding to the points A or F. Fig. 53 

The operation of passing from 

A to E involves, then, a sudden increase in the resistance of the primary 
circuit, accompanied by a reversal. 

^ Tiu^ spetuinen is supposed to be in the form of a ring, with primary and secondary coils arranged as 
■explained above. 
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In order to be able to effect these changes conveniently, a reversing: 
switch may be used which is connected to a variable resistance R as 
shown in fig. 52—an arrangement due to Prof. Ewing. R S is the re¬ 
versing switch, the dotted lines showing the change of connections due 
to throwing over the switch. It will be noticed that when the resistance 
R is plugged up, throwing over the switch from right to left produces 
a simple reversal; but if some of the resistance is unplugged, the in¬ 
troduction of this into the primary circuit accompanies the act of 
reversal. 

Between every two readings, R is plugged up, and the switch worked 
to and fro a number of times, so as to produce a series of simple reversals 
and thereby restore the iron to a steady cyclic state. 

While taking readings corresponding 
to points lying between A and D in fig- 
51, the switch is kept in the left-hand 
position, the reduction of current being 
obtained by suddenly unplugging any 
desired amount of resistance. For points 
lying beyond D, such as E, the switch 
would be in the right-hand position, and 
the point E would be reached by throw¬ 
ing it over to the left. 

Energy Dissipated by Hysteresis — 
Steinmetz’s Law.—When a mass of iron 
is carried through a rapid succession of 
magnetic cycles, it is found to grow hot. 
The development of heat is due to the 
dissipation of part of the energy spent 
in producing the magnetization, and it 
may be shown that the amount of energy 
dissipated in every cubic cm. of the iron 
during a complete magnetic cycle is 
directly proportional to the area of the 
corresponding hysteresis loop. 

Referring to fig. 53, let us suppose that at a certain stage the point 
L has been reached, and that H increases from P L to N M, the increase 
being supposed small, and the mean value of the current, in C.G.S, units,, 
during this change being f. Let ^ = NP be the corresponding change 
in B. If a = cross-section of the ring in sq. cms., then the total change 
of magnetic flux through each turn of the primary coil is ba, and if this 
takes place during / secs., the average induced E.M.F. is Sbajt, where 
S = number of turns in primary coil. Since the current is increasing, 
the induced E.M.F. opposes it, and the power spent in maintaining the 
current against this E.M.F. is iSbajt] the power being exerted during- 
^ secs., the total energy spent in producing the change of flux is i?>b 
Now if / = mean circumference of ring, then the value 'of H corre- 

spending to / is H = so that S2 = — H/. Substituting this. 
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value of S i in the expression just obtained for the energy, we find that 
(fig. S3) 

energy spent in passing from L to M = ^ bUla, 

But since la ^ total volume of iron in cubic cms., we see that in 
passing from L to M we communicate to every cubic cm. of the iron an 

I I 

amount of energy equal to —— b H = — x area of strip PLMN. 

Hence if we pass from G to A, the total energy given to the iron 
will be times the area GAR. 

4 TT 

Now in going back from A to D, the current is decreasing; the in¬ 
duced E.M.F. will help to maintain it, and the ring in giving up its 
magnetism will act as a generator of energy. The amount of the stored 

energy so returned (by each cubic cm. of the iron) is given by -i- time 

I . 4 'TT 

the area RAD. The remainder, — time the area GAD, is not 

4 TT 

given up. Similarly, as the cycle is completed by passing from D 
through E and F to G, a further amount of stored energy, represented by 

■ ^ time the area D F G, is not returned. Hence during a complete 

4 'TT 

cycle there is an amount of the stored energy, per cubic cm. of the iron, 

I 

represented by - time the area of the hysteresis loopf which is not 

4 TT 

returned, and which is used up in producing heat 

We thus see that -- - time the area of a hysteresis loop gives the 

4 TT 

energy (in ergs) dissipated in every unit volume of the material subjected 
to the magnetic cycle. The area of the loop will, of course, depend 
on the maximum value of the induction. As a result of a very large 
number of measurements, Steinmetz found that if B = maximum in¬ 
duction, then the energy dissipated, in ergs per cubic cm. per cycle, 
could be represented by the formula 

where is a constant for a given material, called the hysteretic coefficient^ 
and has a value varying from .ooi to .003 for soft iron. 

The result that for a given material the hysteresis loss varies as the 
1.6th power of the maximum induction is known as Steinmetz's Law, 
This law only holds within a certain range of induction, and is not correct 
for either very low or very high inductions. 

Ewing’s Hysteresis Tester.—If we attempt to rotate a well-laminated 
mass of iron in a magnetic field, then although, on account of the lamina¬ 
tion, there will be no appreciable resistance due to induced eddy currents. 


1 This energy will be expressed in C.G.S. units, i.e. ergs. 
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considerable resistance will be encountered by reason of the dissi- 
consiucrduic pation of energy by hy- 

steresis. The resistance 
to the motion will in¬ 
crease in proportion to 
the energy dissipated per 
cubic cm. per cycle. 

A highly ingenious 
yet simple instrument for 
the comparative testing 
of the hysteresis loss in 
specimens of sheet iron 
or steel has been con¬ 
structed on-this principle 
by Prof. Ewing, and is 
shown in fig. 54 - 
tween the poles of a |)er- 
manent magnet supported 
on a horizontal knife - 
edge and provided with 
a pointer which m(.)ves 
over a scale is rotated 
the specimen to be 
tested, which takes the 
form of a few strips of 

Fig. 54.~Ewng’s Hysteresis Testeri the sheet-mCtal held ill 

a suitable clamp. The 
greater the hysteresis loss the larger will be the angle through which the 
pointer is deflected. 



CHAPTER VIII 

PRIMARY BATTERIES 

Simple Voltaic Cell and its Defects.—Before the introduction of the 
dynamo, the only practicable method of producing electric currents was 
by means of primary cells. Since the advent of the dynamo, however, 
primary cells have become much less important, and in many cases 
where until recently they were largely employed, they are now being 
superseded by secondary cells. There is little doubt, however, that for 
certain purposes such as electric bells, &c.—they will always continue 
to be used. Further, we have the important class known as standard 
cells, which form the commonly employed standards of E.M.F., and have 
for this reason been very carefully studied. In view of these facts, no 

1 From Prof. Ewing’s Magnetic Induction in Iron and Other Metals. By permission. 
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acct>oiit tjf tlie suliject of electric measurements would be complete without 

a refcTtnua* to |)rimar}' cells. 

A t}'|>ica! form rudimentary or simple voltaic cell C(ULsists of a 
plate of co|>|jer auul ^Jiie of /.inc in dilute siil|)huric acid. One i^reat 
ohjrctitin tins fta*ni is the waste of zinc taking place during the time 
that the ia*ll is not in use, since ordinary commercial zinc is readily 
aU.u'kfsi by sulphuric acid. In order to remedy this defect, the practice 
of aiiialc.aimiting the zinc, or coating it with a thin layer of mercury, was 
iiitoiilui rd in iScX l>y Kemp. Hie coating of amalgam is found to afford 
a \ ory efiniive |)rotc('ti(in to the zinc. 'Fhe readiness with which ordinary 
/iui' is atlat keel by tlie acid is due to impurities in the zinc; these impuri- 
tii’N wlirii in i outact with the acid form little voltaic cells with the zinc, 
and siuce tlu* <arcuit of such cells is closed through the camtact of the 
im|au’it)‘ with tlu* zinc, a kjcal current Hows from the impurit}' to the 

/iiu through the p<jint of contact, and from the zinc back to the im- 

|iuri!}‘ throuyji tin* acid, causing tlu‘ zinc to go into .solution. I'or this 
rra*‘0!i the waste of zinc which goes <ai when there is no current being 
laktai out i>f tlu‘ <a'll is generally referred to as " local action”. 

llien* is, however, aiU)ther very serious defect in the simple voltaic 
<i*!! undtn* ernisideration. As soon as the cell is allowed to .send a 

curreni, tfu* sulphuric acid is split uj) by it into its constituent ions*.- 

fl . and S the ft>rmer ap|)earing at tlic co{>per plate, the latter at 

the ziiit' platf*, wlucli it attacks, forming Zn S(),|. I'hc hv'drogen which 

appears at the copper plate partly escapes, but .some of it adheres to 
tfa* plate, and g,ivi‘s rise to an effect known as polarization ”, which 
4 0!isn4s in a lowt*ring’ of llu: 1 AMJo of the cell. A plate of copper 
coaled witli hydr<*g<m l)ub!)les does not, in fact, bcliave like an ordinary 
Clipper plate. A simple experiment is sufneient to show the difference. 
ib»r if into a vt^ssc*! filled with dilute sulphuric acid we introduce a plate 
of zinc and two iHnvl}’-cleancd plates of copper, then on connecting a 
gahaiiomeicr bc*twc*en the two copper plates, no appreciable current will^ 
in general, he found to flow, s!R)wing that lluu'e is no difference between 
tlirm. Bui if one of the cop]H‘r plates be connecte<l for a time to the 
ziiH' plate through an external resistance, and a deposition of small 
bubbles uf !iydn>gen l)e thereby produced, then on introducing a galva¬ 
nometer bel\Vi‘en tint two ci^[)[)er plates a current will be found to flow 
nnmd tlie extcnaial circuit from the unused plate to the one coated with 
h> drogem lla: hydrogen, then, introduces an opposing lAM.F. into 
tile circuit of tlu,: cell, and as a consetpicnce there is a rapid fall in the 
current. In order to <wercomc this “polarization” of the cell, some means 
mtist !>c adopted for |)reventing the de|)osition of the hydrogen on the 
c atliofle |)!aU*, llu! various forms of primary cell differ from each other 
niaiiiiy in the means adopted for counteracting polarization. We shall 
here! dcscrilie caily the more important types of primary cell. 

The Daniell Call and its Modifications.—In this form of cell, which is 
shown in fig. 55, i>olarization is prevented by the use of two electro- 
lyt<-:s~coj)|>er sulphate and sulphuric acid—se{)arated from each other by 
a porous |)ot (of imglazcd earthenware). The cylindrical plate of zinc 
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and dilute sulphuric acid^ are contained in the porous pot, while the 
external containing vessel is filled with a saturated solution of copper 
sulphate, the copper plate surrounding the porous pot. 

When a current passes through the cell, S O4 appears at the zinc 
plate, and causes it to go into solution. The Hg which is split off from 
the last molecule of Hg S O4 before the . Cu S O4 is reached attacks this 
latter, re-forming Hg S O4, and the action is transmitted through a chain 
of Cu S O4 molecules, until the last molecule is reached, whose Cu is 
deposited in the form of metallic copper on the copper plate. The final 
result, then, is the solution of Zn and the deposition of copper on the 

copper plate. At the same 
S time the outer liquid gets 

poorer in CuSO^, and in order 




Fig- 55-— Uaniell Cett 


Fig. 56.—Minotto Cell 


to supply the deficiency it is usual to have a supply of Cu S O. crystals 
m the outer vessel, so as to maintain the solution saturated. 

The substance, then, which prevents polarization—or, as it is technically 
termed, the depolarizer—vsx the Daniell cell is a liquid—copper sulphate. 

numerous modifications of this cell have been devised. One of the 
m^ost irnportant of these is the Minolta cell, shown in fig. 56. It consists 
of a cylindrical glass jar, with a disc of copper (to which is riveted a 

tlrirl 1 ^ blotting-paper or cloth, follotved by a 

oaSr and f "“d, another thickness of blottL- 

The ceh IS to" tL\rith ^ supporting the terminal, 

i cell IS, to start with, filled with water slightly above the level of the 

disc of zinc. This ceil is largely used in India L telegraph 

> This gradually becomes contaminated with Zn SOi during use. 
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The Bichromate Cell.—This is shown in fig. 57, which represents the 
form known as the “porous-pot” variety of this cell. The zinc and 
sulphuric acid are contained in a porous pot, and outside this is a block 
of carbon in a solution of chromic acid. This latter is frequently pre¬ 
pared by introducing into the outer vessel a solution of potassium 
bichromate—K2Cr207—and adding to it sulphuric acid, when the following 
reaction takes place:— 

K^Cr.O, + H2SO, = KoSO, + 2 Cr 03 + H^O. 


The chromic acid forms the depolarizer, the hydrogen, which would 
otherwise appear at the carbon plate, being attacked by the CrOg, 
according to the equation 

zCrOg + 3H2 + 3H2SO, = Cr^CSOJg + 


The zinc in the type of cell illustrated in fig. 57 is made with an 
expanded base which rests on a 
layer of mercury at the bottom 
of the porous pot. This mer¬ 
cury, by creeping up the sides 
of the zinc, keeps it well amal¬ 
gamated. 

Another form of this cell is 
also made, in which no porous 
pot is used. In this form, ar¬ 
rangements must be provided 
for lifting the zinc out of the 
liquid when the cell is not in 
use, in order to prevent the for¬ 
mation of an insoluble chromium 
salt on the surface of the zinc. 

The leclanch^ Cell and its 
Modifications. — One form of 
Leclanche cell, known as the 
porous-pot variety, is shown 
in fig. 58; while fig. 59 shows 
the “ agglomerate block ” type. 

In each case the zinc is in 
the form of a cylindrical rod, 
and the other plate consists of a block of carbon. Further, the liquid used 
is in each case a solution of sal-ammoniac, and the depolarizer is manganese 
dioxide (Mn O2). The only difference between the two types consists in the 
method of applying the Mn O2, which is an example of a solid depolarizer. 
In the porous-pot form, the space inside the porous pot around the carbon 
block is tightly packed with a mixture of granulated Mn Og and carbon, 
and the top of the porous pot is sealed, a small opening being left for 
the escape gases. In the agglomerate pattern, the carbon plate is held 



J’ig- 57*—Bichromate Cell 
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Fig. 58.—Leclanchd Cell 


out requiring any attention. • It is very 
phone work and testing purposes. 


between two blocks, formed 
under great pressure, of a mix¬ 
ture of Mn O2 and carbon. 

When the cell is in use the 
zinc dissolves, forming Zn Cl^, 
and the N H4 —which is the 
cation of an N H4 Cl molecule 
—is acted on by the Mn Oo, 
according to the equation 

2 N H4 + 2 Mn Oo 
= Mm O3 + H. O + N IL, 

Various other forms of Le- 
clanchd cell have been devised, 
and the so-called ‘‘ dry cells 
are simple modifications of it. 

The Leclanche cell, if used 
for intermittent work, is the least 
troublesome of all primaiy cells, 
and will work for montlis with- 
largely used for bell and tele- 



The Edison-Lalande Cell.—“One 
of the most successful forms of 
primary cell for the production of 
relatively large currents is the 
Edison-Lalande cell. The electro¬ 
lyte used is alkaline, consisting of 
a strong solution of caustic potash. 
This is contained in a cylindrical 
glass vessel, from the cover of 
which are suspended a central 
plate of zinc, and two blocks, one 
on either side of the zinc plate, of 
compressed finely - ground co|)per 
oxide. When a current passes 
through the cell, potassium zincate 
is formed, according to the equa¬ 
tion 


CuO + 2KOH + Zn 
= Cu + HoO + Zn(OK)o, 


Jig. 59.—Leclanche ‘‘Agglomerate Block” 








aietallic copper. 

standard CeUs—Tie Clark CeU,—The construction of the cell which has 
teen chosen bj^he Board of Trade as the practical standard of E.M.F., 
ic IS -nown as the Clark cell, will be understood by reference to 
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Marine Glue 


fiR*. whicli shows (full size) the type recommended by the Board of 
'I'raclc. I'hc containin|^^ vessel consists of a glass tube, and contact is made 
with the inercui'}' by means of a |)Iati- 
luuu wire scaled into a glass tube, as 
s!u>wn. Al)t»ve tlie mercury is a paste 
consisting tjf mercurous sulphate and a 
saturatetl solutitm of zinc sulphate. 'Fhe 
instjluhle nuu'curous sulphate, which acts 
as the deptilarizer, settles down on the 
top of the mercury, leaving a layer of 
clear solution of zinc sulphate above it. 

In order to maintain tlic solution .satii- 
ratoil at all tempt'ratures, a few cr}'stals 
of tlu! salt are added, and these may he 
geiuu'all}* setui resting on the top of the 
mt:rtairous sul[)hatt‘. 

'rh<.‘ cel! constructed as described 
possesses sevi*ral disadvantages, and nu¬ 
merous modifications of it Iiave been 
sug;-h-^t<!d and used. In order to render it more portable. Dr. Muirhcad 
dispenses with tlie large mass of mercury at the bottom of the cell, and 
for it substitutes a flattened spiral of platinum 
wire, whit'h has been amalgamated by heating 
to redness and plunging into mercury; the small 
amount of mercury retained by tlie spiral is 
(juite sufficient, and tins arrangement renders the 
cell much nu>re convenient to handle. 

'The h'.M.In of a (dark cell at 15 * ('. is 1.434 
volt, and the D.Mdu at any other temperature 
t (‘. is given 1)}' 

— .00077 (/ 



Pabte 


t—M ercury 


ImK. Clark CdU 




Cement 


Cork 


Air Space 


1.434 


15 ) 


Hibbert’s Standard Cell—'Fhe variations in 
the IwMdn of a (dark cell with temperature 
constitute a serious disadvantage, and a cell 
whose IC.M.In is practically unaffected by tem¬ 
perature changes would be much more con¬ 
venient to use. One such cell, originally .sug¬ 
gested by Helmholtz, but first put into a practical 
form by Mr. W. Ilibbert, is .shown in fig. 61. It 
differs from the (dark cell in that the chlorides 
of zinc and merciu*}'' are used instead of the 
sul|>hates. The change in the IwM.F. amounts 
U> only .000085 volt ]}er degree, and a further 



Platinum 

'Wire 


Fig. 6x.—Hibbert’s Standtird CelU 

advantage of this cell is that it may be constructed to give exactly r volt 


^ b'roin Primary BiiikrieSt by W. R. Cooi^er. (“ The Klectrician*' Printing and Publishing Co., Ltd.) 
Hy permission. 
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CHAPTER I 

INTRODUCTORY 

Definition.—The alternating current, as its name implies, is one which, 
instead of flowing always in one direction, flows alternately in opposite 
directions round a circuit. This general definition will clearly include a 
great many kinds of alternating currents, in which the rate of change both 
in magnitude and direction may be very different; the variation may be 
sudden or gradual, uniform or irregular, and, strictly speaking, each kind 
of alternating current requires separate treatment The laws governing 
the flow of such a current through a circuit depend, to a very large extent, 
on the rate at which it changes, and although we may have exactly the 
same total quantity of electricity flowing first in one direction and then in 
the other, the potential difference that will be required to send it through 
a circuit will be very different for currents having different gradations of 
change. 

The Wave Form.—Let us suppose that we have a current which at a 
time o has zero value; at a time .001 second later on has a value of 
S amps.; at a time .002 second later on has a value of 8 amps.; and so on. 
We may plot a curve showing the relation between current and time as 
in 4 (fig. 62); this curve will tell us all we want to know about the current, 
and is called the wave form of the current; it shows: (i) the time that is 
occupied by one complete alternation; (2) the way in which the current 
varies; (3) the greatest value the current will attain. A number of such 
wave forms of current and potential difference, taken from actual circuits, 
are given in fig. 62, and it will at once be seen how various are the wave 
shapes that the current may take. 

Frequency.—^The general definition given above does not make any 
stipulation as to the number of changes of direction of current which take 
place in a given interval of time; the change in direction may be made 
once in a hundredth of a second, once a second, or once an hour; each of 
these, according to our definition, is an alternating current. The alter¬ 
nating currents, however, which are usually spoken of as such, are those in 
which the change occurs in a comparatively short interval of time, in most 
cases less than one-tenth of a second. 

The reversal, too, may be, according to definition, either regular or 
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irregular, but in actual practice the rate of alternation is always constant, 
or veiy nearly so. Currents in which it is very variable are rarely met 
with, and the study of their behaviour is so complicated that in an article 
of this length it is impossible to more than mention their existence. It 
is important to bear in mind, however, that the relationships worked out 
refer only to currents in which the rate of alternation is constant. 

The ''periodic time” of an alternating current is defined as the interval 
that elapses between two consecutive changes of direction of the current 
in the same sense, i,e. either between two changes from a positive to a 
negative current, or between two changes from a negative to a positive. 



Fig. 62 


In fig. 62 It IS repr^ented by the time corresponding to the length A A. 

he reciprocal of this quantity represents the number of alternations that 
occur m a secon^ and this number is called the frequency of the alter- 

v^frZT^; r ^ most commonly used at the present day 

■vary from 1^3 to 15 alternations per second. The former frequency is 

SlllSioTand r. number)_ of the American lighting 

40 aSd SradI™toTsra fL^encroTSween 

tv"3”Thei “ 

in which the free end nf , 1 f • The simplest is one 

in front of a coil with laminated iron 

current. The variations in i-h 4.*. ^ which carries alternating 

strip to viLTTrfrl'^: the coil causes th! 

current flowing throuo-h the coH- alternating 

g rou^n the coil, the position of the point of support 
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of the clamped end of the strip is then varied until the note given out 
by it is as loud as possible; in other words, until the strip resounds. 
When this adjustment has been made, the frequency at which the strip 
is vibrating is known from its length and cross-section. The motion of 
the point of support is transferred by a rack and pinion to a pointer 
moving over a fixed scale, and the position of this pointer thus indirectly 
determines the frequency at which the strip is vibrating when in a con¬ 
dition of resonance. The scale may be graduated directly in frequencies. 

Delineation of the Wave 
Form.—The shape of the 
wave of the alternating 
current has a very impor¬ 
tant influence on the way 
in which that current will 
behave, and it is impor¬ 
tant therefore to consider 
how that shape may be 
determined. Since the 
frequency of the alternat¬ 
ing current, employed in 
this country is usually 
fairly high, about 50 a 
second, it is clear that in 
order to obtain ah idea of 
the way in which such a 
current is changing, an in¬ 
strument which will move 
with great rapidity will 
be required. Such in¬ 
struments have, however, 
been devised, and can be 
used to delineate wave 
forms with the greatest 
accuracy. The instru- Fig. 63.—Duddeii Osdiiographi 

ment which is most used 

.in this country is one which was originally suggested by Prof. Blondel, 
but which has since been brought to great perfection by Mr. Duddell. It 
consists essentially of two strips of metal ss (fig. 63), made of phosphor- 
bronze, which are stretched by means of a spring-balance applied to a 
pulley P, between the poles of a powerful magnet N S. The circuit is so 
arranged that the alternating current passes up one strip and down the 
other. 

When any current is sent through this arrangement both of the strips 
will be deflected, as is well known from the fact that a conductor 
carrying a current, when placed in a magnetic field, tends to move in 
a direction perpendicular both to itself and to the direction of the field, 

1 Figs. 63, 64, and 65 are taken from the Journal of the Institute of Electrical Engineers, by per¬ 
mission”. 
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but, since the current flows up one strip and down the other, the 
deflections will be in opposite directions. In order to indicate the 
deflection of these strips a little mirror M is stuck on to them, so that 

when the strips are de- 
\ fleeted the mirror will turn, 

Fig.64._Dudddio«diiog«jj,(g™,^vB», about ^ 

S.P .-u a »aU a 
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given at much longer intervals, will be very much more deflected, 
and will “ roll ”, although the actual strength of the impulses it receives 
may be no greater than those it felt in the “choppy” sea. A small 
rowing-boat, on the other hand, will respond to any sort of impulse, 
whether it be due to a choppy or a rolling sea, the amount of deflection 
being simply dependent on the magnitude of the impulse received. It 
will, of course, at the same time be subjected to a translational motion, 
but that for the moment may be left out of consideration. The same 
general mechanical principle holds for the strips of an oscillograph; they 
too, if they are deflected, will oscillate about their steady position at a 
given frequency; the amount of deflection that will be produced, however, 
will depend on the rapidity of the impulses given, Le. it will depend on 
whether the strips are able to follow the forces. If the strips are to 
follow very rapidly changing forces they must be able to move with 
great rapidity, or, in other words, their “free periodic time” must be 
very small. In an actual oscillograph, such as we are considering, the 
strips, when deflected, will complete a back-and-forth movement in one 
three-thousandth of a second, and with this instrument it is easy to record 
quite accurately the wave form of an alternating current with a frequency 
of 100 - per second. 

It is not sufficient, however, that the moving parts be small and 
.that their free periodic time be small, since, even with these conditions 
perfectly fulfilled, the instrument will still not record accurately unless 
the movement be “ damped ”. 

To use an electrical illustration: if the needle of an ordinary Thomson 
galvanometer be deflected by a current passing through it, it will not 
come at once to its steady reading, but will oscillate about it, coming 
to the actual position only after a considerable interval of time. If the 
needle be enclosed in a small air space, so that a great deal of air friction 
is introduced, the oscillation will be damped down until finally it dis¬ 
appears, and the needle comes just to its proper deflection without first 
overshooting the mark. In the Duddell oscillograph this damping is effected 
by enclosing the moving strips in a space filled with castor-oil; this oil 
has great viscosity, and damps effectively the movement of the strips, so 
that the instrument will be deflected by its proper amount without any 
preliminary oscillation. When both of these conditions are fulfilled the 
instrument will be deflected at any moment by an amount proportional 
to the actual value of the current flowing through it at that moment 

Supposing that we have an instrument in which these conditions 
are fulfilled, the difficulty that now arises is that, although we know 
that the instrument is being deflected by a varying amount, it is im¬ 
possible to distinguish the various deflections; when the alternating 
current is sent through the strips all that is seen is a band of light 
reflected from the mirror on the screen. In order to actually see the 
wave some means must be devised of spreading the curve out; if the 
deflection be horizontal, the spot of light must be moved vertically so 
that it is not in the same vertical position for every deflection. This 
is effected in a variety of ways, the simplest of which is by the use of 
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. . • criAt- nf liVht when it has been deflected, is 

rSy. ^SleS^JS^’in a rapidly turning mirror is 
SenS ifthe case above taken, in which the motion of the spot 
is horizontal, the mirror is turned round a honzontal 
up or do^^m vertical motion is given to the linage of the ^Pot as^seen 
in the mirror. The actual arrangement is illustrated in plan in ^ . 

s tens the position of the observed spot, and R the revolving minot. 



Other methods of producing “time’’ motion have been employed, but 
it is not necessary in a brief description to mention them all. Other 
oscillographs, too, have been devised, based on entirely different principles, 
the most successful (next to the Duddell) being perhaps the Blondel 
instrument, in which the moving part is a small soft-iron needle, which 
is deflected by a coil of wire carrying the alternating current. The 
fact that it depends for its working on a magnetic action, instead of on 
an electromagnetic, necessarily entails a diminished accuracy for all waves 
that are not of a certain shape—a shape, however, to which, in a great 
many cases, a close approximation is made in practice. 


CHAPTER II 

THE SINE WAVE AND ITS REPRESENTATION 

The Sine Wave.—The wave shape referred to in the last chapter is one 
the assumption of which greatly simplifies the study of certain alternating- 
current problems, and for many purposes does not lead to serious error. 
In the course of the next few paragraphs, therefore, which deal with 
the laws governing the flow of current through different kinds of circuit, 
this shape will be assumed. A very simple method may be adopted 
for drawing the wave. Take a line OC (fig. 66), and draw it of such a 
length that it represents to some scale a given current, and assume that 
it is rotating round a^ point o at a constant speed, a speed such that one 
complete revolution is made in a time corresponding to one complete 
alternation of the current we are considering. Suppose that the line 
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starts from the horizontal position at time 0, at which time the current 
is zero, and after a given interval has moved round to a position O i. 
From I draw a line parallel to OC to cut a vertical line drawn from i on 
the time scale, the intercept on this vertical line will represent to the proper 
scale the magnitude of the current after the time taken for the line to 
move from 0 C to O i (in the figure this time is represented on the scale 
of time by the length 0 i). This process may be repeated for a number 
of different positions of the line OC and a complete wave form drawn. 



Fig. 66 



The magnitude of the current flowing at any instant is determined 
by the length of the shadow or orthogonal projection of the moving 
line on a vertical plane at that instant, and such a wave is called a 
“ Sine ’’ wave, because the value of the current is proportional to the 
sine of the angle turned through by the rotating line (from its original 
position Oc). The length of the line OC will clearly represent the 
maximum current that will flow through the circuit Drawing the 
wave in the way described above, it is clear' that an alternating current 
of this shape is completely determined when the length, speed of 
rotation, and direction at some instant of the corresponding line or 
vector, as it is sometimes called, is known. 

Summation and Subtraction of Vectors.—Since for many alternating- 
current calculations it is exceedingly convenient to 
use vectors to represent alternating currents, the 
laws of addition and subtraction applying to them 
may be briefly considered. Two vectors may be 
added together or subtracted from one another 
just .as two numbers may, but whereas in the 
addition and subtraction of numbers it is sufficient 
to know what the magnitudes of the numbers 
are, with vectors it is necessary also to know their 
direction. The method of adding one vector to 
another is exactly the same as that used in adding 
forces, or (to use the more ordinary term) in deter¬ 
mining the resultant of two forces. If there are 
two coplanar forces acting on a body they may be represented in magni¬ 
tude and direction by two, lines OFi OF2 (fig. 67). Suppose that there 
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16 Amps. 


to Amps.Q 


3 Amps. 


is a force of lo lbs. along OFi, we may represent it by a line lo mm. 
long (one millimetre being taken to represent one pound), and a force 
of 8 lbs. along OFo, we may represent it by a line 8 mm. long. To 
determine the resultant or vector sum of the two, a parallelogram must 
be drawn having O F^ and O Fg as adjacent sides. The diagonal of this 
parallelogram will then represent in direction and magnitude the 
resultant force, which in this case is i 6 lbs., since the diagonal OR is 
16 mm. long. 

The method that is adopted for determining the sum of two forces 
is a special case of the general method which may be employed to 
determine the sum of any two quantities that may be represented by 
vectors, a vector being a line of given length in a 
given direction. We may suppose, for instance, that 
the two lines O F^ O Fg represent alternating currents 
of the same frequency flowing in the two branches 
of the circuit in fig. 68 , and we wish to determine 
the sum of the two currents, Le, the curi'ent flowing 
in R. Exactly the same construction is employed. 
We may, for example, suppose that in a current 
whose maximum value is lo amps, is flowing, and 
which is represented at any instant by the projection 
or shadow of the line O F^, lo mm. in length, i mm. 
corresponding to i ampere. In the same way we may 
suppose that the vdue of the alternating current in 
the branch Fg at the same instant may be represented 
by the projection of the line 0 Fg, 8 mm. in length. 
To determine the sum (or resultant) complete the 
parallelogram, and the current at the instant under 
consideration will be given by the shadow or projec¬ 
tion of the line OR, which in this case is i 6 mm. long. 
Since the frequencies of the currents in the branches 

t be at the same angle 

with each other, and the resultant OR will be fixed relatively to OF, and 

2, so that the value of the alternating current in R will be deterrnined 

of SLtanUen^A*^ projection of o R, where o R is a line 

vllT f H revolving at the same speed as o F,. The maximum 

Phase 

the^W wfv wS’dI r f determined in 

OF and the actual magnitudes of 

is de£ aT the' ^ftween the 

natino- currents In the of phase difference” between the alter- 

encels about 6 o°^ an^sunno'^”''"!^"®'^ 

said to lag by an ande S fio» h ^h T ^^temating current in F, is 
while the fesultant lag! by about st^^htd 

32° on F^. The current m'v m by an angle 

value until some time after that in'^ f^e'e^ positwe maximum 

2 (see fig. 69), a time corresponding 


16 AMPa 


Fig. 68 
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to the angle F, 0 F^. Since one complete revolution through 360° corre¬ 
sponds to the time (T) occupied by one alternation, the difference in the 


times at which F 


it is 


(F2OF1) . 

360/ ’ 


r F O F I 

1 Fg are a maximum is —T; or, since T = j., 

or, more generally, expressing angles in radians, time 


difference = 


2 ' where (j> is the angle of lag of one behind the other. 


The difference in time between the moment at which the current OF^^ reaches 



Fiff. 69 


its maximum and at which o R reaches its maximum may be determined 
in the same way. 

If the two vectors be in the same direction, ue, if the currents be in 
phase, the resultant current will be simply the sum of the two, in this 
case 18 amperes. If the currents be i8o° out of phase, the vectors will 


be opposite, and the resultant cur¬ 
rent will be the difference between 
them, in this case 2 amperes. The 
actual value of the resultant for 
varying angles of phase difference 
will be anything between these 
two limits. The construction that 
has been described above may be 
very simply proved. The value of 
the actual current at any instant 
in R is the sum of the currents at 
that instant in F;,^ and Fg, so that 
the vector which represents the 
resultant current must be of such 



Fig. 70 


a length that its orthogonal projection or shadow on a vertical line is equal 
to the sum of the projection of the vectors representing the currents in 
F;^ and Fj. From fig. 67 it is clear that the length of the projection or 
shadow o'r' cast by OR will be equal to the sum of the lengths of the 
shadows o'f/ and f/r' cast by OF^ and F^R, but F^R is equal and parallel 
to O Fg, so that its projection F/ R' is equal to o' F/ that of o Fg. Hence 
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the length of the projection of O R is equal to the sum of the projections 
of OFi and OEj, and hence OR will represent the resultant current flow- 
c ing in the circuit considered. 

All that has been said above with reference to the re¬ 
presentation of alternating currents by vectors applies to 
alternating potential differences, and the potential difference 
between two points A and C (fig. 70) in a circuit may be 
found by adding vectorially the potential differences that 
exist between A and B and between B and C. 

The method of subtracting alternating currents one from 
the other is a very simple process. Subtraction is negative 
addition, and if we wish to subtract a vector O from O Fg 
(fig. 71), the method employed is to add O F2 to (— O FJ. 
- 0 Fj is O Fi in the opposite sense, O F'l in the figure, and 
the difference between O Fg and O F^ is obtained by adding 
0 Fj to 0 F'l. Performing this operation, we have a resultant 
0 R representing the difference between the two vectors. In 
just the same way alternating potential differences, represented 
by vectors, may be subtracted from one another. 



Fig. 71 


CHAPTER III 

SELF-INDUCTION 

When dealing with the flow of direct or continuous currents through 
any circuit it is sufficient to know what is the resistance of the circuit, in 
order to determine the strength of the current that will flow when a given 
potential difference is applied to the terminals. With alternating currents, 
however, other properties of the circuit have to be 
taken into account The magnitude of the alter- 
nating current that will flow depends not only on 
the resistance but on the shape of the circuit, i,e. on 
the way in which the parts are arranged relatively to 
each other. In order to explain this phenomenon 
it will be necessary in the first place to consider 
the more simple case of a continuous-current cir¬ 
cuit which is made and broken. 

From Faraday’s experiments on electromagnetic 
induction we know that if two coils of wire C^, C^, 
are held near one another in parallel planes, as in 
fig. 72, and^ if a current be started through one of the coils, it will induce 
an E.M.F. in the other coil. And further, from Lenz’s Law we know that 
the direction of the current that will tend to flow in the second coil will 
opposite to that in which the current is flowing in the first coil When 
the current in the first coil is broken the effect will be reversed The 
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explanation given by Faraday is that when the current is started in the 
first coil, lines of force are produced which thread the second coil; an 
E.M.F. is induced in the second coil which is equal to the rate of change 
of number of lines of force threaded by that coil. When the current is 
steady there is no change in the number of lines of force, and therefore 
no electromotive force is induced; when the current is broken, the number 
of lines, instead of increasing, is diminishing, and therefore the direction 
of the electromotive force is reversed. 

From Faraday’s experiments it is known that this effect will be 
increased if the coils are brought closer together^ Suppose, now, that the 
two coils are brought very close together, that the two are made from the 
two strands of a twin flexible wire, for example, the effect on the one coil 
will be all the stronger when a current is started through the other. Finally, 
suppose that the insulation between the two coils is done away with, and 
that we are left with only a single coil of wire. Exactly the same effect 
will occur; when the current is started in the coil there will be an opposing 
E.M.F. induced, which will be measured by the rate of change of number 
of lines of force threading the coil. When the current is stopped, there 
will be an E.M.F. induced which will be in such a direction as to tend 
to keep the current flowing. These electromotive forces are said to be 
due to the self-induction of the circuit, and the coefficient of self- 
induction is determined by the magnitude of the back E.M.F. induced 
when the current is changing at a given rate. The unit of self-induc¬ 
tion called the henry is defined as follows:— 

A coil of wire is said to have a coefficient of self-induction of i henry 
if the back electromotive induced, when the current is changing at the 
rate of i ampere per second, be i volt. The effect produced by self- 
induction when a current is started through a coil is to retard the flow 
of the current, which, instead of rising at once to its steady value as 
determined from Ohm’s Law, increases gradually, and theoretically only 
attains its steady value after an infinite time. For example, the tinie 
taken by the current to reach nine-tenths of its full value round the shunt 
coils of a dynamo, which has a self-induction coefficient of 100 henrys and 
a resistance of 10 ohms, is 23 seconds. It is not necessary to deal with 
the subject in detail here, as the rise of current in coils having iron 
cores is greatly complicated by the fact that iron is a material with a 
variable permeability, so that the coefficient of self-induction of such a coil 
is not a constant quantity, but depends on the state of magnetization 
of the iron. The electromotive force due to self-induction, which is 
induced when an inductive circuit, such as the shunt circuit of a dynamo, 
is broken, is of considerable practical importance. The magnitude of the 
potential difference is determined in the same way as when the current is 
increasing, but in this case the potential difference will be in such a direction 
as to tend to keep the current flowing in the same direction as formerly. 
The actual voltage induced is obtained by multiplying the coefficient of 
self-induction of the circuit by the rate of change of current flowing 

d i 

through it; or, expressing it as an equation, E = — L 


since the 
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E.M.F. of self-induction acts against the current when the latter is in 
creasing. As an example, consider the shunt circuit taken above witl 
a resistance of lO ohms and a self-induction of lOO henrys. Suppose 
that by means of a quick-break switch a current of lo amps, is de 
stroyed in one-tenth of a second. _ The rate of change of current wil 
be loo amps, per sec., and the E.M.F. induced will be loo x ick 
= 10,000 volts, a pressure lOO times as great as that used to send ; 
steady current through the coils. In practice, of course, the curren 
could never be broken as quickly as has been assumed, as an arc woulc 
be formed at the switch contacts, but the calculation is sufficient tc 
show the great danger of too suddenly breaking a highly inductive circuit 
So far we have been considering only the making and breaking o 
direct currents, but it will at once be clear that, with an alternating curren 



which is continually varying, there will be a continuously varying self 
induced E.M.F., always tending to prevent change in flow of current 
With the sine wave described above it is found^ that there is an alter 
nating E.M.F. due to self-induction when the current is flowing, whicl 
is also a sine wave (if the self-induction be constant), and whose ma.ximun 
value is L / I, where L is the self-induction coefficient, J> is 2 tt x fre 
quency, and I is the maximum value of the current flowing, and more 
over that this E.M.F. is 90° out of phase with the current. The reasoi 
of this phase difference will at once be clear when it is considered that a 
its maximum value the alternating-current wave is flat, so that during 1 
very short time the change in current is small, while when the curren 
is zero the rate of change is a maximum, z.e. the slope of the curren 
curve is a maximum (see figs. 66 and 69). 


1 Assume that the current is equal to I sin r at time t, the current at time r + » ^ is I sin (r + J /). 
Change in current in time it — I sin / (/+?;)- I sin/r. 

Rate of change = ^ (sin/ {t + tt) - sinj >^) 

= J {slnp^cos + cos - sin p i) 

' 

Butcos/J/ = I, andsin/J/ = / ^ if if / ? / be small. 

Hence rate of change = I (sin pt + cos - sin ^t ) 

= 1/ cos//, 

and self-induced E.M.F. = - Ll/cos/f = - LI/sin + pt^ 

Its maximum value = L/1, and it lags by 90“ behind the current, as stated above. The E M F tir 
must be.applied to overcome this self-induced E,M.F. is + L/I sin + //). and leads bv « 
on the current. V ^ J ^ ^ 
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We may now draw the waves (fig. 73) which give us the current, and 
the potential difference required to send that current through a given self- 
induction. The potential-difference curve is zero when the current is 
a maximum, and a maximum when the current is zero. It is interesting 
also to notice that in this case, during one quarter wave the current is 
flowing in the' same direction as the applied potential difference—as it 
would do in a continuous-current circuit, while during the next quarter 
wave the current is flowing against the potential difference—as it would, 
for instance, in a storage cell during charging. This is a consideration 
which becomes of great importance when dealing with the expenditure 
of power in alternate-current circuits. If we denote the current by 
a vector I, the potential difference required to overcome self-induction 
will be given by a vector of length corresponding to L / I perpendicular 
to 1 . In practice it is impossible to have a coil with a large coefficient 
of self-induction without at the same time having a certain amount of 
resistance; the resistance may be very low, but it is never quite negligible. 
We must, therefore, when considering the flow of alternating currents 



through most circuits, take into account their resistance. Just a.s for 
direct currents the value of the current I flowing through a resistance R 

E 

when a potential difference E is applied is I = ^ , or E = I R, so 

for alternating currents, and at any instant the value of the potential 
difference required to send the alternating current through the resistance 
is given by the above equation. 

Working in the same way as before, assuming that we have a given 
current flowing, the potential difference^ that must be applied to overcome 
resistance is I x R, so that if the alternating current be determined by 
a vector of length (to a given scale) = I, then the potential difference 
required will be represented by a vector in the same direction, that is, 
in phase with the current (see fig. 74). 

If we have a circuit, then, without self-induction and with a certain 
amount of resistance — a non-inductive resistance as it is called — we 
shall have the current at any instant determined simply by Ohm’s Law,, 
the wave of current being in phase with the wave of applied potential 
difference. In the more general case stated above, where we have both 
self-induction and resistance, we must take into account both the potential 
differences, i,e. that necessary to overcome inductance and also that neces- 

1 Assume that the current wave is represented by I sin^/, the potential difference wave to overcome- 
resistance is RI sin p t. 
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sarv to overcome resistance. The determination of the total potential 
difference that must be applied to send the given current is very simply 
made by adding these two vectors. 

Let OA in fig. 75 represent the current flowing 
through a coil having resistance R and self-induction 
coefficient L. Let / be the frequency (and / = 2 w/). 
The “ resistance potential difference will be given by 
a vector O B along O A, and the self-induction potential 
difference will be given by a vector O C leading by 90°, 
i.e. perpendicular to O A, the resultant O E represents 
0 the total potential difference necessary to send the given 
current From the figure it is clear that 

(OE)2 = R2p + UfV-, 

or if E denote the length of O E to the proper scale of volts, 

FP = P (R2 + LV"). 

E 

and I = 





L / IS called the 


reactance'’ of the circuit. v(R^ + called 

the “impedance" of the circuit. To take an actual 
case, suppose that there is a current of lO amps, 
flowing through a coil of resistance i ohm self- 
induction = .01 henry and that the frequency 
= 16 per sec., so that p = loo. Reactance 
= L / = I ohm. 

Then maximum resistance P.D. = lO volts, 
maximum inductance P.D. = lO volts. 


Summing these two the total potential difference 
= 14.1 volts (see fig. 76), and in order to send this 
current such a potential difference would have to be 
applied. There is, however, another point of great 
interest to be determined from the above figure— 
Fig. 76 namely, the lag of current behind applied potential 

difference. The vectors of current and potential 
difference are not in the same direction. The angle between them is 



easily determined in the above figure. 

BE Lpl 

tan - o B - r i = 


R 


reactance 
resistance * 


In the special case taken hp = l.o co R = i.o w, 
so that tan 0 = I and 0 = 45°, 

or the current lags in phase by 45° behind the applied potential difference. 
The special cases considered above, where we have circuits (i) with large 
inductance and small resistance, and (2) with large resistance and small 
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inductance, at once come out from the above equations. In the first we 
have tan and L the reactance, is very large compared 

with the resistance, tan ^ = cc very nearly, so that cb = IL and the 

2 

L ^ 

current lags by 90°. In the second case, tan <j> = = o (nearly), 

and ^ = o, the current and potential difference are in phase. All prac¬ 
tical cases lie between these two limits. 


CHAPTER IV 

CAPACITY 

With direct currents the amount of current flowing when a potential 
difference is applied is dependent solely on the resistance of the circuit, 
and if this resistance be very high no appreciable current will flow. 
With alternating currents, however, this is no longer true, as it is 
possible for an alternating current to flow through a circuit which is 
divided at some point by insulating material. Jn other words, the flow 
of alternating current depends on the “capacity” of a circuit, and such 
a current can flow through a condenser. 

We will, in the first instance, consider the simple case of the making 
and breaking of a condenser circuit with a source 
of continuous current. Let us suppose that, in 
the first instance, the condenser (usually made up 
of a number of sheets of tin-foil connected alter¬ 
nately with each other, and separated by sheets 
of mica or paraffined paper) is to be charged. 

When the circuit (fig. 77) is made there is a sudden 
rush of current into the condenser; the “quantity’^ 

Q of electricity that will flow will depend on its 
capacity C, and on the E.M.F. E of the battery. It is determined by the 
equation Q = C E. 

When the full difference in potential has been attained all flow of 
current will cease. When the circuit is broken again the condenser will 
still remain charged, but if the battery be removed and the condenser 
terminals connected there will be a corresponding rush of electricity, 
flowing this time in the opposite direction, which is called the discharge 
current of the condenser; the amount, neglecting leakage, will be the same 
as that originally sent into the condenser on charge, i.e. Q == C E. 

The process of charging a condenser is analogous to the filling 
up of a vessel with water, or perhaps more closely to the production 
of a difference in level between two vessels connected by a pipe. In 
order to obtain the necessary difference in level a certain amount of 



Fig. 77 
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water is forced by some means from one vessel into the other. Suppose, 
for example that we have two tubes, such as are shown m fig. 78, m 
the iunction pipe between which a flexible membrane R is placed; it 
is oossible to produce a difference in level in the two pipes by depressing 
one of the columns A by means of a piston, distorting the rubber mem¬ 
brane R in the junction to some such position as that shown by the 
dotted line, thus forcing a certain amount of water into the other tube B. 
In this case, although the tubes are actually separated so that no current 
of water can pass, there will be a small current down A and up B. If 
the pressure were applied to B the current would, of course, flow in the 
opposite direction. Further, if the pressure were an alternating one, 
being first applied to A, then to B, and so on, there would be an alter¬ 
nating flow of water in the pipes, first in the one direction then in the 
other. The amount of flow would clearly depend 

_on the pressure applied at A and B, the size of 

the membrane R, and the kind of material of 

t which it is made. We may now apply this an¬ 
alogy to explain the electrical case of an alter- 
|b nating current flowing through a condenser. 

S H When an E.M.F. is applied to the condenser 

H * H a strain is produced in the dielectric or insulating 

^ ^ material between the coatings (which is exactly 

^ ^ analogous to the strain in the rubber), and a cur- 

^ rent will flow into the condenser on one side and 

^ R out at the other; when the strain is removed or 

reversed an opposite flow of current occurs. The 
amount of current that will flow will depend on 
the'size or capacity of the condenser, and in this 
term is included the effect produced by the kind of dielectric that is 
employed in its construction. 

It will next be necessary to consider the amount of current that will 
flow through such a condenser. If q be the quantity on either coating 
at any instant, we know that q = Ce with the above notation; the 
current that flows is given by the rate at which the quantity on the 
condenser plates is changing, in ordinary units i ampere corresponds to 
a flow of I coulomb per sec. 


Now the capacity C is a constant 


quantity, so that f = -f C or the current is proportional to the rate 

of change of potential difference. It will be noticed that this equation is 
exactly similar in form to that found for an inductive circuit, but that in 
this case the quantities current and potential difference are interchanged.^ 
Representing the relationship vectorially, we have the condition in fig. 
79. We have, so far, considered a circuit which has been assumed to 
have no resistance, but just as in the case of an inductive circuit this is 
a physical impossibility, and there must always be a certain amount of 

^ Assuming that an alternating sine wave of potential difference is employed, we know that at any 



I Ai At rrv 


rr.i'54!i.r !«■ I'hi-. Iii.ty U- alluwfd fur in t-x.i. tlv tlu- s,.inf 

u.u .. . w.i . in thr- inciu. tivr- t fjg. ;j). Ur.iwini; a \ccU.r di.i-ram 



f..r .1 .iuui! rt-4..t;tisrf* and «.i[»a.'i!y, wt- liavr- first 

W n .■ «nh iht- . urrmt w})..,,- Imyth, !•> a.iiK- Miit.djlc sfa!'-. i . 

U I, .4:;4 n^'\l 4 .it !m xhin 

!4,Uf! tlir turmi!, Inirfh, fu ihr saiuf* n* .i!r. 

I 

.i;nl Mjr;4n'Usi,i: !iir'.f“ vrrfiif., |,,y ;i 

’ .i !4 Ur lui^r .f* 4 4 U|\, 

!? r pf r nrnt '4 |}|r” Itjl.i! | >',»c-fa! I.tl t ilflrf f*!u r ftiaf f . .. |,j 

'.s* 4 |j| 4 sri! !m thr- thr iurim! i * 


:!ii!u.!r *4 c I i-i r.iMly foinni ihr 

th-*^**' lip III r. 

«I it t li J } J, It ■ j- j ^ 

■■r K 1 \ / k f f .’ f. 


V^ (,Vr 


■-n win df’.ilh' t|t'!r'|||||||f- ihr t l!i4V1||p |ti 4 «. if* Ult 

r:\rti I M »! r-!i! 141 r- y-, 4|iphr»! 

r \\ t\l l.p; l*r'hnhl !h»'* M3llc:'n! hv .in 4np]r 1 ^ 1 , 
i .’Jy fn»in !|jf hpurr 

, , . J"' I 

' tui Kr/^ 

- iff .1. ! .rn :n !'» r . 1 ,r . .-M- ^ |- /r , . ^ # .,, , r ., j p, . 


.4 r, 


\iSii ^4 -U 


y, »>..4 i%<” i; 4 ^r A . . | I ^ < Sn v*-v 4 ^* Aif 5 «. A|f.A<- 4 v. | r,.. 

a:-A ! » At; i ffr-r. r 

*’ = li*-'^nrnrV 5% Vi ihni f ?!if. 

I’ Irs 3 nA* 5 » ' aif ^ Ui’’ vf i* 4 ?trt 5 | !lr-m mg ;n 4 r >1 

, f*j( 4 ^aar^. «■ a,.;;- t«-j -.'•ri 

'.iff3Pit 5 |^r mmr 








alternating-current measurements 

As before, to take an actual case (fig. 8i), suppose that we have in 
seri^ with a capacity of .001 farad, a resistance of lO ohms, and that 
Srough this circuit a current of 10 amps, is flowing. Let the frequency 
be '16, so that / = 100. 


RI = 10 X 10 

_L = to 

C/ .001 X 100 


100. 


100. 


Drawing the vector diagram, we 
to send this current is 1414 volts, 
behind current is given by 


find the necessary potential difference 
The angle of lag of potential difference 


E B 100 j , , -o 

j _ :L_ = — = I, and o!> = 4 S 
tan / - Q g jQQ > r 




The current leads, therefore, on the applied potential difference by 45°, 
and the latter must be equal to 141.4 volts. 

Condensers in their ordinary form are not very extensively em¬ 
ployed in practice, though they are applied to certain uses, notably in 
^ the starting of single-phase motors. The reason 

for their non-use is chiefly their cost of manu¬ 
facture, though another very important point is 
the difficulty of making them thoroughly reliable. 
In other forms, however, they are frequently met 
with. A concentric cable forms a condenser of 
considerable capacity, the outer sheath forming 
one plate and the core the other, so that when 
an alternating potential difference is applied to 
concentric mains, a certain current will flow 
through the dielectric of the cable.^ The first, 
or perhaps the first well-known case, in which 
these dielectric or condenser currents produced 
appreciable effect was at Deptford, in the high- 
tension installation arranged there to supply 
Westminster. The transmission in this case was 
at 10,000 volts, and it was noticed that the 
amount of current sent into the cable was quite large when there was 
no “ load ” on the circuit. The current was, of course, flowing across the 
dielectric of the concentric cable, which in this case was nearly 10 miles 
long, and had a total capacity of over 30 microfarads. 



^ This also involves a certain straining of the dielectric, which is never a "perfect" solid, so that 
the condenser current will have a tendency to heat up the insulating material. In some cases the heating 
effects produced by these dielectric strains cause a temperature rise in the cable greater than that due to 
the energy'wasted in the resistance of the cable. 
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CHAPTER V 

ELECTRICAL RESONANCE 

Capacity and Self-Induction Combined. — It has been shown in the 
above paragraphs that when an alternating potential difference is applied 
to an inductive circuit a lagging current is produced, while that when 
the same pressure is applied to a capacity, a leading current is sent. 
It now remains to consider the 








Fig. 82 


more general case of combined 
capacity and self-induction. Let 
us suppose that the circuit is 
that shown in fig. 82, in which 
we have a self-induction of L 
henrys, and a resistance of R 
ohms in series with a capacity 
of C farads. Let us suppose 
that a current of I amperes flows through the circuit Then we may 
determine, by aid of the diagrams described above, the potential difference 
necessary to produce this current. Let O I (fig. 83) be the vector of cut^ 
rent, then the potential difference required to send the current through 
the inductance is at right angles to this, leading on it by 90°. The 
magnitude of this vector is L/'I = OA. In order to send the current 
through the capacity a poten¬ 


tial 


I 


is neces- 



difference = ^ 

C/ 

sary, but this potential diflfer- 
ence lags by gd^ behind the 
current, and is represented by 
O C in the figure. The two po¬ 
tential-difference vectors, there¬ 
fore, required to send the cur¬ 
rent through the inductance 
and capacity are directly op¬ 
posed to one another, and the resultant of the two will be obtained by 
subtracting one from the other. In the figure this length is OD. We 
still have to take into consideration the potential difference necessary to 
overcome the resistance of the circuit. This as before will be represented 
by a vector OB equal in length to RI to the proper volt scale, and in 
phase with 01. 

The resultant of all these vectors is obtained by forming a parallelo¬ 
gram of which O B and O D are adjacent sides, the diagonal o E will 
represent the total pressure that must be applied to the circuit in order 
to send the given current through it. 

The length of O E is easily determined. 

O D is the difference between O A and 0 C= i(L/ — ^)> 
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and O B is = R I, so that 

(O E)-^ = (O B)^ + (O D)^ = P (R^ 4- (L/ 

-E _ 

or I = / . I n2 

V R* + (M - cj) ■ 

The angle of lag or lead of the current is also readily found 

be _ 

since tan ^ "OB RI R ’ 

Electrical Resonance. —Various very interesting conclusions may be 
drawn from this equation and from the above figures. The most obvious 

is, that if L/ = ^ the current flowing will be the same as if there were 

no self-induction or capacity present, its value being given simply by 

the equation I = in this case the angle of lag = o. When 

this is the case there is said to be a condition of resonance in the 
circuit. The fulfilment of the condition in any particular case will depend 
on the frequency of the applied pressure. Since / = 2 tt X frequency, we 
have, when the condition is satisfied 

L/ = — or / = = C2w)V^ 

60 that 

The frequency calculated in this way from the electrical constants of 
a circuit is said to be the natural frequency ” of the circuit. 

An electrical circuit may, in fact, be regarded as analogous to a pen¬ 
dulum. If the pendulum bob be displaced by any means, it will oscillate 

at a given frequency, dependent simply on the 
dimensions of the pendulum; and in an elec¬ 
trical circuit, when the electric stability of the 
circuit is disturbed, electric currents will flow 

__ backwards and forwards at a given rate depen- 

Fig. 84 dent on the electrical dimensions {i.e, capacity 

and self-induction) of the circuit. One way in 
which this disturbance may be produced is by the aid of an electric spark. 
If a potential difference be produced between two knobs connected to a 
circuit as shown in fig. 84, the electric stability of the circuit is disturbed, 
so that when the spark passes, surgings will pass across the spark gap 
at a fixed frequency, thus giving rise at the spark gap to the well-known 
electric waves now so familiar from their employment in wireless tele¬ 
graphy. The frequency of these waves is determined simply by the 
capacity and self-induction of the circuit, but it is important to bear 
m mind that the resistance of the circuit also affects their production, 
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and then the whole problem can be easily worked out by the above 
method. 

It need hardly be pointed out that the fact that much higher poten¬ 
tial differences can be obtained in alternating-current circuits than are 
actually applied to them should lead to considerable caution in their 
design, since it is quite an easy matter to get on an ordinary loo-volt 
lighting circuit pressures of many hundreds of volts by a suitable 
arrangement of choking coils and condensers. In testing sheathed 
cable for dielectric strength, this phenomenon can be made use of to 
obtain the necessary high pressure without the use of a high-tension 
generator, for, since the cable and its sheath form a capacity, all that is 
necessary is to put in series with it a coil of suitable inductance and 
apply to the whole the ordinary pressure. 

The effect described above was first observed by Mr. Ferranti when 
working the installation at Deptford to which reference has already 
been made. In his case the alternators themselves which were supply¬ 
ing the current possessed a certain amount of inductance, and in series 
with them was the long concentric cable, having a capacity of about 
30 microfarads. The effect which he observed has therefore sometimes 
been called the “Ferranti effect”. 


CHAPTER VI 

ALTERNATING-CURRENT AMMETERS AND VOLTMETERS 

Measurement of Alternating Currents.—The only method that has 
been adopted so far for determining the strength of an alternating 
current has been the estimation of the maximum value that the current 
attains m either direction. In practice, however, this determination is 
attended with considerable difficulty, necessitating the use of some such 
instrument as the oscillograph. 

instruments can be used for measuring alternating currents 
provKkd the direction of deflection of the needle is not dependent on the 
direction in which the current is flowing through the instrument. For 
example, in an ordinaiy incandescent lamp the effect of the current 

^ effect 

ill _ also_ be produced by the second half-wave when the current is 

wT opposite direction, so that the lamp filament will be 

heated and the lamp will glow; the brightness of the lamp will serve 
^ a very rough indication of the strength of the current flowing 
ex5™sSn"*i'a deflection of the pointer is produced by the 

£ used just LTefl T Produced, can themfore 

tvn^ nf f alternating as for direct currents. A second 

type of instrument is that based on the interaction of two coils boffi 
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carniiii;’ the curreut. Sucli an instrinnent is the Siemens dynamometer, 
ami tins t‘an 1 h* used as well for alternalinR as for direct current. 
A lliird !>'|h* of instrunient of the same character is that which consists 
t*>-.eii!ially of a sokaund, into which a core of iron is sucked by the 
iiiaiuielii* action *)f tlu* curnait. 

We iiiiisi next consider what is actually measured when an alternating 
curnmi is sent tlinmitb, sa}\ a hot-wire instrument. Tlie dellecti<jn of 

such an hedvmnvni will clearly not »tive us the maximum value of the 

c iirnait siiu‘«* the heatiny; t*tfect is not so itreat as if the maxinumi 
ciirrtait ha«i Ijeeti llowiiiy the* wht»!e titne tlinuiyh the wire —it will yivc 
a readiuy; staue c|uantity less than the maximum. 

1 ht* ai'tual de!leelit)n is dtAermined in a very simple way. The rate 
of lieat |inHlut'lion at a yjven tinu* is pniptirtitmal ta tlie scpiarc! of tlic 

currrii! thavini: Ht tliat instant. In a short intta’val df, at wliieh the 

cun'cnt is / aiui*., tile heat [inKluctxl in a resistanct: K R/“/// joules; 
a little later on iIh: t'urrent will havt* a different strenytlu say and the 
heal proriuced duriny' a stteond interval <// will In* and st> cju. 

llie total lira! produced in tlu* time 'T corn*spondiny, to (uie complete 
wave* will !se KT R/./A//., + R/ya/Aj + . . when: the intt*r- 
vals i//|, #//.. are NUppostni to In* very short, and the sum of them is etjual 
to l\ d lie detloction of the instrument will depend on the value of this 
quantity. I.et us :ai{)post* that tlu* actual detlet:tion is the samt: as that 
|UiHlu»*'d by a <lirect i urrent fjf strength I. If this direct current had been 
tloiviii;.: liinarT the instrunu*nt tlu* heat pnnhu'tnl in a tiim* 'F would have 
her*n R I’-' I', but since* tlu* clt*lleetiuns an* the sanu* with the diretd 
and alteriiatiiie. current wt* know that the heat pnHlu('t*d in tlu* two i*ases 
nnist In* the same, ami wc* ha.ve tlu: etiuation, since R is a constant multi» 
piier In all sidc*s ' 


:md I 


1 '1'ii* quantity 


-f" d" "4" . . « 


rb/ /| + /./' (/ f.j + 7y 7 / Aj + 

im/A + i7f/L T V ^/4 . - * 


T 


IS the iiicraii square* of the current, and the actual dellection produced 
is pisqnifiional to the: sc|nare root of this cjuantily, or to tiie square mot 
of the iii<*aii square af the alternating current. The ijuantity actually 
fiicsisurcfl is callcni the Root Mean Sejuare or R.M.S. value of the current. 
Instead cef iisiiiy tlu* k*tters R.M.S. the win'd “effective’' is scjmetirnes 
«*m|iloyefi, tlie sln^nylli of an altcniatini^ current liein^ said to lie so many 
f*fleclive'' am|H*res; !.nit R.M.S. is a much l>elter term, as it yives an idea 
of the m’lual quantity measured, and is no more trouble to write. When 
tlie alleniaiiny current is strictly .sinusoidal the R.M.S. current is a cer¬ 
tain fixc*d pmportioii of the maximum current, the actual ratio being 
RAI.S, current _ i _ 
iiiaxiiiuiin current ^2 
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As stated above, instruments for measuring alternating currents can be 
divided into three classes: (i) Hot-wire Instruments; (2) Dynamometer 
Instruments; (3) Iron-core Instruments. 

We will consider, in the first instance, a few types of hpt-wire instru¬ 
ments. The principle of their action is exceedingly simple. The current 
to be measured flows through the wire, heats it, and causes it to expand, 
and the amount of expansion serves as a measure of the current flow¬ 
ing. When the current is a very large one a shunt is used in parallel 
with the wire, so that only a small fraction of the total current flows 
through it It is important to remember that the fraction of the total 
current flowing through the hot wire is not a constant quantity, unless 
both the shunt and wire heat up to the same temperature and are of 

the same material. In 
most cases the shunt is 
arranged to become less 
heated than the wire, so 
that with the materials 
employed a smaller frac¬ 
tion of the total current 
flows through the wire 
for large curi'ents than 
for small. Such an in¬ 
strument is therefore 
only accurate for the par¬ 
ticular shunt for which 
it is calibrated. A hot¬ 
wire instrument cannot 
safely be shunted to 
, decrease its sensibility, 

nor can the shunt be removed to increase its sensibility, and the instrument 

used for measurement unless a calibration is performed throtiP-Jiota the 

Whole scale. ^ 

“Struments of this class is that made by 
Messrs. Johnson & Phillips, an instrument originally devised by Messrs 
Hartmann & Braun (fig. 87). In this a platinum-silver wire aa S 
stretched between^ two blocks T,T„ one of which is adjustable. To the 
centre of the platinum-silver wire is attached a much thinner one B B of 

phosphor-bronze wire is attached a piece of cocoon fibre c which is 

thTSh"^ ^ roller R, to which the pointer is fixed 

WB terminating in an eyelet attachment to a flat steel sorino- s’ 

r'phoso'hmr^ increases,!:; eSng 

phor-bronze wire to become more deflected. The increased de 

’“7 " '=>' of the thin eoo«„; 

mountS on nT “'Me of Ute hot-wire movement™ 

the same as that Tttl'whe.’’ ^ 

The wire a A is divided into either two or four equal parts, arranged 


Fi>. 87 
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ill iianilli-l with one another hy means of silver-foil connectintj- 
strisw, the olije.t l>ein_t; to divide Uj) the current jiussiu},^ through the 
nuMsurin:.'. wire aiul thus to diminish its effective resistance (fig. 8K). 
W’itli ,1 two se;,;iiiem wire tlu' current enters at the centre and leaves ;it 

th«* cill Is, as s 1 it»\vn in 
thr wliilr with 

;i hair srjajnriit win* 
tilt* nirmit ruUrs at 
twi* I h tints a quai'tt*r 1 
il‘- !rai.;th tVnm (*ith€*r 
riuh aial It-avrs at tht* 
t,1*111 n* and t-nds. By 
this arranytaiu'nt 4 nr 
5 Mia}' \iv passiai 

lIinH4:!i tlu* wirrs with 
a i!ni|.i tif |iM!f.*nlial id' 


A, MniiUAMi *1 I'onurttioiis in an Anunrtrr with thr War tUvklctl up 
inin Ftittf .Srg»n*-fiti. n, C’nitncctkmH with a Two .Segment Wire 


thin uu’lal |ilatf* is fixnd iu*ar thn wire tn protect it from any disturb- 
aiue diu* to air drauyjits. Hu* shunts used with the.se instruments when 
dosiipiiii for MU-aMirinR lar^e iaiiTiUits are made of constantiiy a sub.stancc 
which has a nc'jlhRible temperature coefficient, so that the indications of 
the instninu-nts are iiio 
<leiK*ndent of temiu'ra* 

lure \ 4 riati 0 n. 

Tile instrument 
conies to its pni[if’r 
readiint scunewhal 
slowly tuviiiii' to the 
time lakc'U In* tin* wire 
to atlaiii a stead}’ t*un ■ 
lierature; tt»r many 
pur|Hr4*H lliis is ratlu’r 
a!i advaiitae.e, and for 
the mra"aireinr‘ut <»! 
s.|f’ady alternatini: cur 
rmi-, eoiuaderable at’« 
i tira*'}* ean he altaiiuai. 

A daiiipiiii* f If‘vice is 
altaehed to the spindlf* 


id’ the needle, ented-d- 

aluiiunium . Juhiwm & l*h»Hip*k 

di“’.e oa- Ko iiioV“ 

i!i;« !if'Uvef*n tile poles of a stnuiR manned, which is said to assist the 
wiirldiii:^ of the instrument, hut as tlu* motion of the needle is slow under 
cu’diii.iiy eoiiditioiis tlua t*ffect |>roduce<l is not very Rreat. When the 
criirrent is siuMf’iil}* switfduul off, !u)wev(*r, tlic damping jirevents the needle 
from swiiiyiny hack tfio quieddy, thus fihviating any tendency of the pulley, 
to whicli the |M*intt*r is attached, to slip. 












alternating-current measurements 

Messrs Hartmann & Braun have devised a recording ammeter (fig. 90) 
working in very much the same way. The pointer is replaced by a very 
liaht aluminium wheel, nearly S inches in diameter, round which is wrapped 
a^thin fibre Two instruments are employed, one placed at the top and 
the other at the bottom of the case, the same cord passing round 

both wheels; the pen, which moves 
^ up and down between slides, is 

attached to the cord, and as the 
wheels revolve, the pen moves up 
and down between its guide-rods, 
making a trace on the drum placed 
at the centre of the instrument. The 
drum is kept revolving by clockwork 
as in nearly all other recorders. 






Fig. go.—Hartmann & Braun Recording Ammeter 


Fig. 91.—Pitkin Recording Hot-Wire Ammeter 


Another type of recording hot-wire ammeter is that manufactured 
by Messrs. Pitkin (fig. 91). The pointer of this instrument is fitted 
at its end with a pen containing writing fluid, and this pen moves 
over the surface of paper wrapped round a revolving drum, thus tracing 
out on the paper a curve which records the value of the current flowing 
through the instrument at any particular time. In this instrument the 
pen moves in a circular arc, and the pointer must therefore be made 
very flexible, so as to enable the pen to touch the paper in all posi¬ 
tions. The method of actuating the pointer is very simple. The 
current to be measured (or a small fraction of it) passes through a num- 





































































































































































ALTERNATING-CURRENT AMMETERS AND VOLTMETERS 105 

I he wires are kept taut by means of the pin which serves to 
to the pointer the necessary motion when the wires are heated by the 
current, the balance of the moving system being so adjusted that^there 
js always a slight upward pressure of the pin on the wires. The pointer 
systeiii IS pivoted between jewels on a framework of special material 

trlh- f expansion is as nearly as possible the same 

dh ifKit I'll the Wires. 

'l-he second tyj^ of instruments is that depending on electro- 
inagnetic action. Ihe oldest instrument of this form is the Siemens 
ciyiirifiiciinetij, which of two coils connected in series with each 

cither, one fixed and the other (placed at right ^^ 
angles to the finst) suspended by a silk thread, Am c 

connection being made to it through two mercury 
cups into which its ends dip. The motion of this a ^ M ^ b 

coil is controlled by a spiral spring, one end of .. ©fixed co,l 

whicli is attached to the coil, and the other to a .I j. 

torsion head, which can be moved round by hand. (a)\UA" 

Tlie amount of motion of the torsion head is d 

measured by a .scale attached to the top of the in- 
strument. A jxiinter is fixed to the moving coil, j©movinocoil 
which rests opjiosite a fixed mark when no current ^ 

is flowing through the instrument. This mark is A-. f-i- . 

so adjusted that when the pointer is in the given ^.. ^ 

jHisition tlie coils arc mutually perpendicular. The \ M / 
action of the instrument depends on the mutual N©^ 

attraction and repulsion of the currents in the fixed “ 

ami moving coils; a more detailed description of it 
is given in " Continuous-Current Measurements”. Taking a section of the 
instrument (fig. 92), and denoting wires in which the current is flowing from 
front to back by a cro.ss, and wires in which current is flowing from back 
to front by a clot, it is clear that the forces acting on the moving coil 
will lie as shown in (a), attraction between A and D, and C and B, where 
the currents are in the same direction, and repulsion between A and C 
and 1$ and D, where the directions of the current are opposite. The 
moving coil will therefore tend to go round in a clockwise direction. 

If the direction of flow of the current be reversed in these coils (h), 
the forces acting on the moving coil will be in the same direction as 
Ixjfore (clockwise). The magnitude of the force acting will depend on 
the product of the currents flowing through the fixed and moving coils, 
and will therefore, since the same current flows through both coils, be 


© Fixed Coit 


proportional to the square of the current. 

When an alternating current flows through the coils the mean force 
acting will be proportional to the mean square of the current, and such an 
instrument will therefore measure the mean square value of the current. 

The.se instruments are little used in practice for ordinary measurements 
on account of the trouble involved in adjusting the torsion head, taking 
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the square root of the reaciin,q, but labt»ratur\' .slaiHlanis ihc*y arc 

valuable. ^ , r. 

The constant may easily be <U‘tt*nnnu‘d ab'^autrl)* iia oiirri I'liiTnit 

by a suital.)le copper vultameter, aiul lh<* iustniiiiriil ina\' tlnai !«» usrti 
to determine abs<diitely the value of an altcanaliiii; unicnil. It r, im™ 
portant to see, however, that llu.‘rt* are no iiaivil riii;;-- ‘* 1 ' ^ahrr i-«»iiihit’iurs 
in which odd)- currents may be inducetl, a"’, it the ^ a th</ »aa uiat y 

of the instrument will be seriouslv" impaired. 

Another instrument which is also usually tanpl»»yed .e. a standard 
is the Kelvin balance (fie. .yy*. ‘riiis tMUMsU. r-s-imtially nf uo* n.ils 
of wire attached to the ends (fi a .suspnidetl Imr'i. I.ai li ui t!ir%e 
coils or rings is actuated })y twt) fixed unii’s die i Mnuri lii.iis brin:; ^.,1 
arranged that the currents thnaigh tlu* ‘d\ I«aid to pull our ut 

the moving rings up and the other dtnvii. Ida u%e mh allmuatinr :o iirient 
circuits the rings are madt* up t»f a str.md«’d uue i^pr, in wim h r.a h 
component is carcd’ully insulated from the uilaa -. I^y thi^ anaiiy^euiriu 
the instrument is matle accurate* both for aluaiiating aini dnr* i 1 uiirnts, 
andean l)c used for alternating nuNisureineiit** alter !i4\iii|: in-rn t alilirated 
on a direct-current circuit. A detailcnl deonpluai ftii'. mstruiiient r. 
given in “Continuous-Current M<*asun*iutml*. 

Instruments of the third type art* unudi u%ed, i liieily bcaauM* o< their 
simplicity of construction aiul constaiuent elieapiie- 

The typical instrument tif tliis class crfUsi -lN »imp!)* td a •.olcaioiil 
carrying tlie current, into which is attractrtl a tlim non uirrs ‘1 hr 
attraction of this wire is the delksUinp, foist\ uliih^ the miiUioI i’. usually 
gravity, the motion of the p(»iatcr having the eiiis i m| piMfimiiig a waul 
of balance in tlu: rotating .systtan. insinnuent . of this t\“|>e uc*rr de 
vised by Messrs. IJolivo 1 )oIinavolsky and I’taraiUi. I litnr disad^antae.e 
is, that from the nature of tlu*ir conslrmliou thr'v inu‘4 deprud t.n the 
frequency of the current applic‘d tt» thf*m. The thin uijr* is Mihjrs ird to 
an alternating magnetizatioiu and this eausr-. csldy tuirrnl-. !*< lie mduied 
in it, tile magnitudt* af the eddy currents ilrpraidin;: «»n tlir* sf|u.ire i.| the 
frequency. by using a via*}' hue* wire this oiisu' ti.c- hrsui luatliodly 
eliminated, and instrunutnts are now inatie uh!«!i ..iro um urate to ttiihm 
I per cent for any fret|uent;y up to Sn ^ prr ns aid. 

Another instrument similar in charact«a' to t!ie .ih^ne i , iha! jii.inula* . 
tured l)y Messrs. Kvc*rett K. halgcumbe. 1 he ino\nr; p.n! is ai a* ! ol a ihin 
flat disc (,)f iron eccentrically pivoiod, which is surlo'd up mio a lia! ’Jiaped 
coil. The control in tlutse* insirutueuts is laiher “yiauly " or “spiiir;;*'. 

Voltmeters.—W’e have l)(*en <*onsideriiig, up to ihr pirMfuil tlie uaMsiin-- 
inent of alternating currents; iIhi instruments th.il aie i-.rd f.,,r inrasiinu-; 
alternating peAcntiul dilfercnces arc*, huwc’ver, verv ^aiiiiSai in liirir action, 
We may divide the various dass<*s of iirdrurnfaits jhIm fair gr^nii'ce, 
(i) Hot-wireg (::) 1 )ynamumetca% i Irona on*. s| i Is hm a.i!i»s 

Hot-wire voltmeters are g<‘n<.!rally usod lor nasssurinq low aliernatiii!.,; 
pressures. They require for their working a cf*riaiii aiimiinl ciiiient, 
as a rule from t to i ampere, otherwiM* tho lif-atiiiy^ (iifs ! is not l.iigi* 
enough to produce a defle^cting force of stitficiiaii. inaguit.tide. Since tlie 
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amount of current necessary is independent of the pressure that is being 
measured, it will be obvious that for high voltages the amount of energy 
expended must be considerable Take, for example, an instrument de¬ 
signed to measure 2000 volts. The resistance would be arranged so as 
to give a current of J ampere, we will suppose, and this would mean an 
expenditure of ^ X 2000 watts, or J kilowatt Although devices are 
employed to reduce this amount of energy, such as by the use of trans¬ 
formers, it is generally better to use some other type (preferably electro¬ 
static) for high pressures. Among the best-known hot-wire instruments 
is that manufactured by Messrs. Hartmann & Braun, which is exactly 



similar in principle to the hot-wire ammeter before described. A thinner 
wire, however, is used, and the current passed from end to end of it; in 
series with this wire is a suitable resistance; the current required for this 
instrument is, at full pressure, .2 ampere. Similarly, the recording instru¬ 
ments above described are adapted for use as voltmeters by the substi¬ 
tution of thinner wires and resistances in series. 

There is one hot-wire voltmeter which has never been adapted for 
use as an ammeter, and which was the first of its kind manufactured. It 
was devised by Major Cardew, and is called the Cardew voltmeter. The 
working part consists essentially of a long platinum-silver wire, which 



passes four times up and down a long tube attached to the instrument. 
Both ends of the wire FF (fig. 93) are rigidly fixed, the whole being 
stretched on pulleys. The pulleys RR are attached by rigid supports 
to the end of the tube, and the extension of the wire is measured by 
the motion of the pulley P. To this pulley a very fine wire is attached, 
which is wrapped round a grooved pulley T and attached at its other 
end to a spring S. When the wire stretches under the influence of the 
current the spring S takes up the extension, and the amount of move¬ 
ment is recorded by the motion of the pointer P. ■ In the actual instru¬ 
ment (fig. 94) the motion is magnified by a pair of spur-wheels of 5 • i 
ratio, one of which is rigidly fixed to the- pulley T and the other attached 
to the pointer spindle, the wheels being kept in gear by a hair-spring. 

















ALTERNATING-CURRENT MEASUREMENTS 


These instruments are very dead-beat in their action and are very 
sensitive. Resistances are sometimes supplied to enable the instruments 

to be used at a higher voltage, but, as 

a ll merits, i.e. those of' the Siemens dynamo- 

I meter type, these are not much used; the 
I Kelvin balance is, however, adapted to 
i this purpose, the coils of the instrument, 
I instead of being wound with heavy cable, 
I are made of fine wire, but otherwise the 
I mechanism differs in no way from that 

I Instruments of the third or iron-core 
type are employed frequently as volt- 
Fig. 95.—Kelvin Gold-Leaf Gauge meters, the Only modification being that 

the coils instead of being wound with 
thick are wound with a number of turns of fine wire. 

___ It is very necessary, in designing 

■ voltmeters of the dynamometer and 

ji iron-core types (since the instruments 

™ depend for their working on the pro- 

,1, . L of ^ magnetic field, and hence 


Fig. 95.—Kelvin Gold-Leaf Gauge 





'r ■ ■ ' 'Jit 




Fig. 96.—Kelvin Multicellular Voltmeter 
with front removed 


Fig. 97.—Kelvin Multicellular 
Voltmeter 


upon having a certain inductance), to see that the resistance of the coils is 
very large compared with this inductance. The current flowing in the 
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ALTERNATING-CURRENT MEASUREMENT^ 


These instruments are very dead-beat in their actic>^ 
sensitive. Resistances are sometimes supplied to enable ^ 

to be used at a higher 
explained above, this is ^ 
method of measuring pr^" 
Coming to the secof^^’ 
ments, i.e. those of the 
meter type, these are not ^ • 


mechanism differs in no ^ 
of the ordinary current 1>* 
Instruments of the thi* 
type are employed freq^^’ 
Fig. 95.—Kelvin Gold-Leaf Gauge metei's, the Only modificat- 

the coils instead of beir^l 
thick are wound with a number of turns of fine wire. 



Fig. 96.—Kelvin Multicellular Voltmeter Fig. 97.—Kelvin Multic^] 

with front removed Voltmeter 


Kelvin balance is, howo'^'* 
this purpose, the coils of ^ 
instead of being wound 
are made of fine wire, bt^*^ 



upon having a certain inductance), to see that the resistance c: 
very large compared with this inductance. The current fj^ 
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(•Mils is what |»r«tiiurrs tluMlffltaiinR; force, and therefore, unk'ss the alnn'C 
is hihilird, the (Irlleetion of the instrunu'iit, for the same |K>tential 
dilita'ciice, will tleprnd U|)t»n tlu* rre<iuenc\\ It is also necessary, as in 
(liiecioairivii! iie;truHir!its of this type, to use, for the ctals, wirt-* whkli has 
a rr-a’-4.uice tcanpia’alure coefilcitaU. 

1 he lio -4 iiearuiiu'uts tor measuring ordinary volla^'t's arc, liow’ever, 
llioe ot tile eleriroMatic type, 'hhey tiiffer fn.iiu all the others dt^scriliett 
in ifia! n’quin* little, if any, current and no powiT actnatt* tluan. 

1 hc’V' de|.»rnd tor their action 
oil the kn* *\\ u |irint'ipli‘ tliut 
when two bodir'. an* chari*f*d 
to dimu'eiit poleiiti.ds the\* 
alfrai't «aie .mother. I'hf* 
siinpiest iiistnmimit of this 
ty|'»e is the 14 4(1 leaf' p^auia* 
adapted fi\“ Isa'tl Kelvin. It 

condsls of a ‘ans;le tlnn ^4leet 
(4' 4a.4d'lra!’ ta-.teued ahaip, 
its t« ip eti: 4 ’ metal plate 
fii'. cy; . dlie leaf a,ud plate 
at(* uioiiiileti in a quadrautal 
box uiili a pjass front, btdup 
ilisu!at(*d from tlie ease* by 
ebonite su|.*p»-irts. C )ne ttn*- 
minal is placed in electrical 
r«*nnecUo!i with the itold- 
Icsif, thc' o!lif*r witli the* 
cao-, and when tlaa’e is a 
potential dillerc*ncc* hetwc*tm 
thene ttte 14 4d Irstf is drawn 
upwartis toward the t(»p (»f 
the casf% thr* amount of i\v- 
flection Iieiny, ohserv<*d on a 
stale vmir.ivvil both (»n tlu* 
fao* and back of tin* instru- 

iiaait. lids i',aur 4 * is, of 

<’oursc% n«oi ai"t:urat(% and will 
(Jii!y measure* pressure's of 
ow-r i;cHJ Volts. A more scmsilivet instrument is the multicellular voltmeter 
diip*. ny \ ajso eleviseci by Lord Kelvin. In this case the inovintf part 
is a needle, made up of a luimln^r of horizontal parallel triant.pdar plates 
riyjdly allachf-d in a metallic rod, and suspended hy an iridio-platinurn 
wire {a small coa,i'lws|}nni( beinif interposed between the vanes and the 
neeiilf:‘ to i-irevenl tiif! latter fnnn l)ein|.( damaRW'd l)y vibration), llie 
fixed I'lart of the instrument consists of two sets of cells, which attract 
into tliein llm vant*s of tfie neixilc. The cells iire also triangular in sha|>e, 
and aixt macli: lyv insmiing t>rass plates in .saw-cuts in a brass back block, 
thus caisuring jiarallt’lism and e(]uidistancc hetweem tlK-m. 


; r 
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The .arrangement of the cells and ne.-dle is w.-ll shuun in llu- ih.me. 
Attached to the bottom end of the needl<- is a sm.t!! juaJe 

moving in a bath of heavy oil, which .•luvtua ly damp-. !h<- m 

the needle and prevents undue oscillation. Another lorn, m .-as tro, 
static voltmeter is .shown in fig. <)H, and is .ie-.ip.nrd \>y M.- ■ i , A> itoii o- 
Mather. The moving part or needle N ot this in-truin.-nt . ..n i t- ot two 
cylindrically-shaped vanes pivoted on centre, r pl.n oi in tlw ..vi. .■! tiir 
cylinder; the.se are attracted into two hollow cells or indn. t-r t . ot 

cylindrical shape, the needle and the indiu to,-, .nn:; .itta-h.-l i- p.-, 

lively to the two tcrminiils of tin* iuNlrtnur’af. Ihr r- rihuinl 

by gravity, and the motion ai tho nrrdtr N dani|H*a Iw dm;: Im 
it a thin copper plate moving in thr gap <4 a 
These instruments arc only closigurd Un’ iiir.i-ansiig liiT:h |.»> 

differences. 
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Power.—The measurement power wiili dir. r. .i \rry 

simple matter. If a current ai I am|.jerf"« hr Mipphr'd a! a pirpMnr' «T 
V volts the power I x V watts. With ahriuatiisg iiiiiriii'., h«jvu-\rr, 
this is not true, since the ainmuit <4 pMWfu’ Mippla^d ‘ -li ila' ph.r-.r 

relationship of the current and putf’utial di!lerr?iirr 1 lif” *.upj*!^-d 

at any particular instant is eciual t<A the u| ihr ur.i.iiiLmr't.uh. 


<, V N 

\ 


' 4 - ' 


CURRCNT 


of the current and potential dilVon-nci-, s., th.il w . .m plot out ,.f 

power by taking a series of products of iiist.tnt.inror., r.dt;. . t;,;-., .,o, 

lOO, and lOl). If we plot a curve iM-tween th.- pov,.-r .mv in ' nit .n il 
the time, we obtain a power curve, tin- .in-.i oj uhnli will o-pe- .-lit the 
energy supplied. When the area is positive, if. when the . unml i . ni 
such a direction as that in which the ajiplied pnimn.d din- rmT- w.uld 
send it, the energy is being applierl to the circuit, ,v. th 
It will be noticed, however, in figs, itx) aial icig that at «r-riain liiiif*'. ilif* 
























ALTKRKATING-CURKENT power and its measurement III 

c.ururnt is flowing in the opposite direction to that in which the applied 
pt>tc‘ntial diflerence would send it During this part of the period con¬ 
ditions arc reversed, and the power, instead of being supplied by the 
smucc to the circuit, is being supplied by the circuit to the source. 
1 he cases arc exactly analogous to those of a motor and dynamo. The 
nit»tor corresponds to the first case, in which the current flows in the 
^amc direction as the applied potential difference would send it, and 
the source is supplying power to the motor. In the dynamo, on the 



contrary, the current through the machine is from the negative to the 
p» !sitive l)rush, ix. in the opposite direction to that in which the applied 
pntinitial difference would send it, and consequently in this case the 
pnwetr sui)plied is negative, ix, the dynamo is supplying power instead of 
reetdving it. Under the above conditions, therefore, we may imagine that 
durin*^ part of the period the circuit is behaving like a motor, and during 
the remainder of the period like a dynamo. The total power supplied to 
tlu! circuit will be the difference between the positive and negative powers, 



mu\ in order to determine the total energy supplied to a circuit during a 
prriod, the difference between the positive and negative areas must be 
moasurcHl. The average power developed will be simply the average rate 
of su|)plying energy, and is obtained by dividing the energy per period by 
tin: time occupied by the period. 

The Power Factor.—It will be noticed from the curves that when the 
current and potential difference are 90 ° out of phase the positive and 
negative areas arc equal, so that under these conditions no power is being 
sufipiicd to the circuit. When, on the other hand, the two are in phase, 
the area is all |)ositive. This fact may readily be used to determine the 
actual power supplied to a circuit for any other phase difference when the 
current and potential difference are sinusoidal. Using the vector notation, 
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let us supiiosi: that tlic iMtruti.i! <• j-, ic-;u. 

OV|, fi‘'v 102, unit'inuly rota*ini’,, aii<l *ii'' lustfiu hi, .iMi ili’ 
la<*-‘ 4 VhMhia(l the first !.y .m au:;l>- v* 1 h. ,,,-.5.., 11 \ 
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Wattmeters.-- In i»nier tn i»hiain a na'a'-inr aiirni.an'j,: » 
it is nttccissary thtluT tf» knew the- nn’rrnt, diiifMru^r at. 

the powc'i* factor, nr to um- 'aomr iirainnann fli.if uill p-afj «!er-. t! 

The latter amrse is tihviously t!ie hnn|4r'4* and -an h isrinarirniv, < 
wattmeters, an* lunv in n-.o, Stijur type-. -I u.e!nir!rr. 

descrihec .1 in the seciitai tm confimaaih »uin-ni jara'.uirnvi'ii!and riian;, ■. 
these instriunents can he umhJ et|na!!y swll i-i alfriiiatin;:; m^ivA 

The simplest form is that rc**a"nih!m;; the ii\'na!n»aurten m ,*,|:a'h ii 
niovin|.t coil carries tin* shnnt t/urrent, ?!ie n\rd * -d tin*' jinun * mirji! ■ 

instruments now, how<*ver, are df*!lrt !i«lual. the lii-ilr. li,,ii pn»d'i-. f '4 
on soint! scale the |)ow<-r ahs<U'!«*d m tin- Su'* Ii invtjinnentA ,e 

the Kelvin wattnader already-dc-'a iahr'd a!id that jvianntai ime-d liv Mr-.M 
Hartmann and Braun. I’he latter nn.tnmjen!, li;.,: 4 Mt.-.m;.; . • 

lU nol placed at ri^ht anplf*s to the main tial !■, hni rm hm’*! t- it .-n .4 
anp;Ie, heimt; pivoted on jewels, 1 h«' m-ii-n -I the «.-i! n ■!-liin d e 
lipdit phosphor4mai/«* sprinyc% ^vha h .nr in.fsl .al-.M f., l-.i-l !!4’' *r.s,!r4 
into and out of the <'tal. In desi;,pun;; nr.tfnmen!-. flir-n- n,, li:.v.r-, r 

one vtuT important point that mn’4 n-t K* .nnl—sed It !?a- n; 


Mf \v<* (Iriiotf ih<* >’ 43 ‘*v : ii; 1 - —' n ' I ■ - r,.a ' 

by Vo sin p i, 

PyjwiT at any iu'.l.snt • r^Vy ^ .ni4 ..-m-t a.;.- ;■ ■ CA i.,!-- , ,r ^ 

Now sill"// f 1 .rs'l >, .a-.,. .1 I. ,•,« r. ■ t , ,.,v . . .■ <■ . ' „ 

taken for a cmiij.a’lr i. 4-.r-■.’ '..r/m / * ' a■. 1 s , i 

^ ^ ’ s 

IV 1 ■ - .* 

Now vy .1. VrteoH ,p, %U.I\ ll.r x.rlAyr 4. I O * • ’ • S' 

If, insle.ttl of ina^ijiitnn v,imr\ *4 nifr^n! a-v! a' .i; s 

R.M.S. I = iiml R.M.S. V . V. Avnu;,-j- s IV . •. * 
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is !.i> nsiii .its'iiratrly, tlu* time cimstant iif tht* sluait circuit must 

!h* la/jit \«*ry h*\\\ 1 !u*ir Wia’kiuR’ tie|)eiuis un tlte interaclitsu hetwetm llic 

HI.nil aiiil sliiuii i'urreuis, anti the hu'ce actiny' hetwi*t*n them can c>nl\' 
^arth'il as pi’n|iMr!iMiial lu the pcnvta* if the eurreut in tiu.* shunt is pru- 
P»Mimii.i! Ill tile pressiin’ applieti te it, st> that if the iairrent latss behind 
tlc" |s»u*ii!iai dillm’ti'ice in the shunt circuit tiu* instrument uill nut recttrd 
ai curate!)*. In urcier tu reiiuce the ratit) <»f inductance* to resistanci* tu as 
Mu.il! a i|uautit\‘ as pcjssihle, the coil of the instrument is placed in series 
with a larite non-inductivt* 
re?asiant:t:; it djH.:.s nut dti 
to increase tfu.: numlier of 
ttinis on the inovinit coil, 
as this also increases the 
induc1an<‘e <if tlkr onl. 

In une of the I lartinann™ 
iiraiin instrumi*nts tlui ful- 
tuwiu;; ii;,uires are tfix'en:— 

Self induciinn ( 4 ' shunt 
cull, henr)*; n*sis™ 

l. iufe kh>» u«i ft.>r 30 
vuh >, •,(» that with this 
iic.trumeut the lay, fa* a 
treyiirni)'^ tif' 5** 
set < fUtl W« udii lie U. I 3 , 

and, exrept uiims tile 

puvvt'r iaefitr uf tlu* cir' 

cuit i. \ er)' h »u, the* errur 
will be inapprc'* iable. In 

m. iLiiiy, uusciureruentj’i un 

!us'.('‘. in tic* dielectrics 
f »f ra.b!e-^ wheje tin* p( luer 
la^!ur(4 the luad \cT)'' l 1*1 in 

Miial! illiil/ed, spet i.i! watt- ““ IlrfruuMnu anil Ilraun \V;»tt»ictrr 

nirfri-^ ‘Jluiild be rill". 

pl^ar’d, A new furm uf wattnuder, in which nearly all errors are cHmi- 
natril, i’. e,nr tle\i*,rti 1 >)' .\Irssrs. Matlu‘r X: DucldtdL l*he j)rincii)lc of the 
ill Inimeiit i . thf* ■ aim* tliat (d' the ordinarv* ‘Ahmamometer’' wattmeter, 
d iir 4 i .|>rtr 4 un uf tin* tine-wire ct»il is efh*cted b\* a j>air of phos|)hor- 
Isfsc’r .tlip-, uiu'ch ‘.erve tu lead llu; current in and ont, the coil bciiiR’ 
stirti bed !»rtwi-eii llie simnt n*sistance is of s|)ecia! form, con- 

uf a maiiy,aiiin iir cunstanlin wire woven so as to form the 
wut.f »if a piei r Ilf (loth the weft of which is silk. The instrument is 
lu.itir .i -lalis- b\' die ii‘.e of twu sets of coils, one vertically above the 
uther, the ciiri’rnt'., p.r.-iny, through them in t>p|')usite directions. 

Idle de-cripli« »n uf sume form of recording wattmeters or meters 
will !«• yi\eii lairr. a-; many of them depend for their action on the 
tK.*!iaviuur uf what are known as two-|>hasc and thrcc“phasc currents. 
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Power-Factor Indicators.—In many cases it is important to know the 
power-factor of the load on a station, as well as the actual magnitude of the 
power that is being generated. The power-factor as explained above can 
be calculated if the voltage, the current, and the power generated are 
known; but usually an instrument which will show directly the value of 

the power-factor is employed. 

Several types of instrument are in 
common use. They resemble very much 
the ordinary wattmeter in their con¬ 
struction, with the difference that instead 
of a single moving coil, two moving 
coils rigidly connected together are 
employed. In a single-phase power- 
factor indicator (fig. 103 a), one of the 
moving coils is connected through a 
non - inductive resistance across the 
mains either directly or through a 
pressure transformer. The current flow¬ 
ing in this coil is, therefore, at any instant proportional to the pressure 
on the circuit The other coil is connected across the main circuit through 
a highly inductive resistance, so that the current flowing in this circuit 
lags by nearly 90° behind the P.D. on the mains. 

The fixed coil of the power-factor indicator carries the main current 
which is being supplied to the circuit, and acts on the moving coils. When 



the current in the main circuit is in phase with the applied P.D., the current 
IS in phase with the current in pressure coil (i), which is connected 
to the circuit through a non-inductive resistance. The force acting on 
the other coil is very small, since the currents in the fixed and the moving 
coils (2) are nearly 90° out of phase. Under these conditions, therefore, 
the pair of moving coils will tend to lie in such a position that coil (l) is in 
the same plane as the fixed coil. If the power-factor of the circuit change 
and the current lag behind the applied P.D., then there will be a force 



Fig. 103 A 
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tl»- < ••siil.iuatiun, aiul the actual position of the pair of 
actin'^ on the two coils. If the 
(;(/ Ix-hind the pressure, the cur- 
' ‘'"‘5 (2) (it the combination will be very 

/. *"j / " " 'll tbc same plane 

• ' _ ill- i- i!i..n of tliis pair of coils with reference to the 

' • v.i;! then-fore, as an 

p-'Ut') !,i. tor ,,f ti,(. circuit 

!lUUir-u! 'i, fniun*c1t*cl. 'I'hct 
fin* p.^ris in an instninu‘nt 

sna'it- l)v .\h--.srs, KyrtvXi, luin’. 

. ! .1*1, i% -ia n in 

Itli.i-.f' >.y-Arm fs ustnl, ihn 
!*'! 4 hij'Jilv' in«inrtiv<» circuit tn 
4 < uiirii! Lc*4iiiv iiiMtiy behind 
|»‘’lrn!ial tiilirnnn'e disappears. 

^ '* in the power- i-'ig. 103c 

r. lunnrttcnl either directly 

ji a aiiirn' !»» tho utlier phase of tlie system. A power-factor 

4 < 4 :!i tin , wav lias tlu! advanta^fc ovt;r the .single-phase instru- 
Ilf 1:,- nei^^ptnair'ut of the: frequency ff>r the accuracy of its reading. 

Vies I* la r Ilf I Wren c’urnml and |>otcntial difference in the circuit 
.i\ . '/ I , u hrira-i with the single-phase instrument the phasedif- 
. * r. w » iijiriii and pntcaitial difference varies with the frequency, 



. 4 .'4 ir.iWtng It! 

4.-04 -n a » n. ml 

» ! V' 4 - V (iufrf f-|i! 

fo-:::, th.i! W III* h 

s* i(.( . ifCfii » alita aft’d 
w a:, la- |.* (fie, 

1 hf * • mnrs. In .fi-, f.If 
a la* iiifii 

I .i!- ..J * 41 a thicc I ifiasr 
mo ui! ai»^ ’ 4 i»>\vn in 
la..;.. Wlirit the 

■s anrn! in ihr- fixed 
i ^ s! I■IV/- Iif'liiia 1 the 
p-:ui*" in ill?- |t|j 4 'a,‘s, 

4 Ui'Mir* iiilti 



r i^;. X03 p.—norbomal Kdgcwisc Power*Factor Indicator 
(Hriiwh Thomson-Houston Co., Ltd.) 


j-h t >■ '.vitli tin- > urrml 

. ,• tli,. nioviii;: (•til-;, iind inort: nearly (^0° out of phase with the cur- 
j< in tho othf-r, the I'orfc on one coil will be increased and on the other 

• 'nn.in; h* d. ... ih.tt th<- pair which are, of course, rigidly fixed to the same 

• pn.dh- ws'l up a position to indicate the power-factor of the circuit. 

J n: I";!' how . ,111 instrument in.adc by the BritLsh Thomson-Houston Co. 
t- I thiis- pli.e,!' I'ireiiits. I he vane .seen at the top of the instrument is 
lu.nie of .ilniiiiniuni, and moves between the poles of a permanent magnet, 

• ■ .IS to «l.un[i the motion of the revolving .spindle to which it is attached. 
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CHAPTER VIII 


TWO- AND 


three-phase currents 


Two-Pliase Curreiits.-Two-phase currents 
ir, this country through their extensive use m America. A two-phase 
wstem is reaUy a combination of' two single-phase systems, for if we 
iSSe two cLuits in which the phases of the applied pressure (fi| 
lOA? differ by 90°, we have a four-wire two-phase system. This 
Method of working is sometimes employed, and all four wires are used. 
The most usual plan to adopt, however, is a three-wire two-phase 
Ltem. Instead of having two wires for each phase a common return 
iJ employed, the current in the return wire being the sum of the 
curreTs in he leading-out wires. In determining the actual sum, the 
™Lt the two currents are 90“ out of phase has to be taken into 



Vector of Current in (1) 


Vector of 
Currentin(3) 


_^Vector of 

2 ' Current in (2) 


account. Using the vector notation, we obtain the sum very easily, 
if vector o i, fig. 105, represent the current in the first phase, vector o 2 
the current in the second phase; the current in wire 3 is obtained 
by taking the diagonal of the rectangle whose two adjacent sides are 
o I and o 2 . In a balanced two-phase system the currents in I and 2 
are equal, and the current in 3 is ^2 x i = 141 X current in outer 
wires. The return current, therefore, is less than it would be had the 
two phases remained separate, and hence the amount of copper that 
would be required for a transmission over a long distance is diminished. 
This saving, however, is comparatively insignificant, and in some cases it 
is found more convenient to keep the phases separated and treat them 
as two quite independent circuits. The great advantage which two- 
phase currents possess over single-phase is the ease with which a rotat¬ 
ing field can be produced by them. A rotating field is a necessary 
condition for the starting of an induction motor, and therefore where 
much power is required two-phase current is always used in preference 
to single-phase, though three-phase is, for most purposes, better than 
either. 

The Eotatbig Field.—If we have two sets of coils arranged perpen¬ 
dicularly to one another (fig. 106), and connected respectively to the two 
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^ ^ *»! .4 !\\* i i'ircuit, vve have all the necessary conditions for 

l u. Ill /: .1 I • if .it 111;/; iirliL I a*t US Suppose that at any instant the current 
- r1 1 a iiia.ximuui, tlicn the current in this phase will produce a 

a■ 'ai|ipMs«\ from tt)p to bottom of the coils. At this instant 



Kijj. 106 


I' 



Direction of 
Rotation OF Field. 



ifi : i/ so tliat no field will be produced by it [(i), fig. 
I.r'i tii I Miisider an instant an eighth of a period later on [(2), 
o I lir c iiiiriii in pliusc (i) will be much less, but there will now be 
.in r.-si.il ^ s.in‘ti! in phase (2). prochicing a field, let us suppose, from right 
I” Irii. I hr .iiitial iic^lcl in thii central space will be the resultant of these 
ihi*. ir-ai!iaiit Iirin|,; ulitained 
|U'-t in llu-' ^auir way tlm re- 
Mn^.rU! m! iWt* forcers < if CUtTClUs; 

1! -nnll a iK-hl ill a direction at 
.4/' V', ifli it'i** tuiipuaL Xcav (tou- 
Mi!*n ,tn ills!.ml still one-eigliith 
*4 a later j, ■. ..Vs K.> 6 J. 

"llir riirtnii in ^ 1 ) \vill In* zero, 
aiid the clirrrilt in ui i will lie a 
r^cixniiuirc d*he resultant field 
Hcl ilirrefdre be horizontal. 

I'.unii;; an iiisfant still one- 
fn..Ji!!i of a pm'iiKi later [ df), fig. 
f./a. current in ( 2 ) will now 
duiiiiii'diing, white the current 
in I is rcverscal, and the resul- 
lajil will be ,1 field in tl'K* dircc- 

lliof Ltler I The'current in (l) will be a maximum in the 

a.Kl wc have a field in the direction shown. 


— 

.- 1 

A2 

Direction off 
PUCLON CONO”.* 
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Fig. 107 
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the field tnus produced is constant, and will rotate at a uniform speed. As 
many meters are based on the effects produced by a rotating field, it will 
be necessary to consider briefly some of the phenomena to which it gives 
rise. If we imagine a rectangle (made up of copper conductors) placed 
in this field (fig. 107), E.M.F.s will be induced in the side conductors Aj^Aj 

O by the rotation of the field, due to the 
fact that the copper is cut by lines of 
c\ force. The E.M.F. will be from front 
\ to back when the lines cut Ap and from 
/ \ back to front when the lines are op- 

0 /^—positely directed. The result will be, 
O (21 alternating current will 

I J flow through the conductors, and if the 

^ -/S circuit have a small self-induction the 

\ / current will be nearly in phase with the 

Q / E.M.F. Supposing this latter condition 

cy fulfilled, we shall have a large current 
flowing in the coil when the field cuts 
Fig. los it) ^Rd consequently there will be a 

force acting on the conductor tending 
to pull it round; using Fleming’s rule, we find that this force will tend 
to drag it in the same direction as the rotating field. If the conductor 
system be free to revolve it will do so, and will try to increase in speed 
until its speed is equal to that of the rotating field. If the copper con¬ 
ductors be replaced by a copper cylinder or copper bell the same effects 
will be produced, the bell acting like a number 
of conductors in parallel with one another. It 
/ \ the coils of the system be arranged parallel to 

-X-one another, giving four poles, shown in plan in 

\ / 108, two belonging to each phase, the same 

^ effects will be produced, and a copper disc c 
placed over this system will tend to revolve. Both 
/ \ of these arrangements are employed in meters. 

- y -\—2 Three-Phase Currents.—Another system of alter- 

/ \ nating currents, which is now very extensively 

p- V used, is that known as three-phase or triphase. 

K We may first consider such a system in which 

I \ / three pairs of wires are made use of, along which 

-j—3 alternating currents of the same magnitude 
I and frequency but of different phase. The phase 

difference between the currents in the first and the 
F!g.io9 second circuits is 120°, and between the second 

' and third also 120° (see fig. 109). In practice the 
tnree distinct sets are, however, never used, the return path being usually 
absent or made out of a single wire. If we take any particular instant and 
measure the magnitude of the currents flowing in the three wires at that 
instant, we shall find that the algebraic sum is zero, i.e. the total current in 
one direction is equal to the total current in the other. Take, for example 
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in tlif till* iii‘44!it ut whit'h iht* current in 2 is zero, the + current in 

I c c*qii.il to the — current in (3). We have therefore this 

1=^ alt. !h d i! lie- !«iU!U path is a cmninon one, and the system is balanced 
th.* ' au» 111', ill tho branches are equal), the current in this 


i O-'U!'!! \u!! bo/c*rn. It will 

h-' uar:' 'Cr, 11* »n fn thc 

\■*,! 1' !.ita‘n'.hip in such a s\'s- 

I ■'1 ■■upii»*--r that there is 
li n i|r and tlie ''ueiitrar’ 

* a * ' sae- -a n'lui'li a p« 4 rntlal dilh*!'* 
i-iv i- ..1 !• < W'e juay repre 

v.i-n! tin-*' p*<!*’n!ia! dillerenceN In' 
liar*''- li;,;. Itu. 'l‘n deltu*'- 

tl’.*' p''t*'n1ia.! iiillrr«aice iuiu't't'n 
v^.nf'- .* .uic| ; n o 1 i.ur to subtract 

llrr i4--n lilial «iilfei»”nc*‘ iH'tWt/en tht* 


4 ^ 



Fi^. no 


la utta! -‘41'! ; tioiu t!ie pt»lential dillercnce Initwecn the neutral and 2; 
tin , !.*!Mlly 1= equivalt'Ut ti» a<ldinq (^3) reversed to (2). Performing 
iIjs', . .|.h': .ill* *n we '/ri a v«*ctor oP, wl'u<^h is ^ 2 X 03' cos 30" = V 3 
ne Ii po- riiiiiiy a potiuitia! ditierence n/s X 100, and which leads 


I ai / \t\ !,* f . 'I'iiU-', in tlte s)‘s ■ 

It-ui nr .lie . aradei'uie, we sluaihl 
li.i^r i; ?, \o!t'. Ininern wires 2 

and i 

It is I that tin* arrant;(n 

incDl ni!! be -.sTiunetrical, so that 
liiiwrr'u any ln*» wires thi*rt' would 
I'fr' 1;; Mih-u if tluTc* were icK) 

\«4ls lietwcsai csM'lt wire' ami the 
nruiia!, d Ills method (»f arrangt'inent is known as the star or Y system, 
and r, iopie eiitf*d diaKrannnatically in fig- ni. Another arrangement 
u is tlua known as the mesh, in which the neutral mre 
i., .i..ur .(u.iv with. This is sluiwn (liaf^nuninatically m fig. ne. In this 



i/.c,!' ihro' is Oil tlifhculty in deter" 
iniiiiii;; potential ditVerenees, since 
llir |io!riiiial ilifterence in c%'ich 
limit of the’ mesh is etjual to that 
lieiwerii tlio liues. lu orch.u to 
find the relatioiiship between the 
current'■» in tlte lines and in the 
.t dia'iram exar:tly like that 



Fig. 112 


f't.r niitriitial (iirfi;rena;.s m . . 




(Three-Phase) 
Fig. 113 
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tion of a rotating field by using three (or some multiple of three) coils 

exciting pole-pieces placed at 120° (or some submultiple of 120°) to each 

other. As rotating fields 

1--■"TjTfyZrni)-- three-phase cur- 

rents are not used in any 

$ meters, their production 

Return- X - ---- has not been described 

^ in detail. Revolving 

S-Toooc^ field or induction motors 

OOUOOO) ( 2 ) 

2_ 0 _Q_Q j? I Rre, however, all worked 

"^"'TTwo-Phase) 0^1 this principle, and 

are in constant and ever- 
increasing use on three- 

vA ' Oddd ---- phase circuits. 

Thick As has been pointed 

Thin . 

(2) ^ out in describme these 

NEUTRALfc-WvVVV - 2. ^ 

‘^t^hick arrangements, they are 

(3) ^ essentially modified sin- 

® gle-phase systems, and 

neutral all methods of measure- 

Fig. „3 ment and measuring in¬ 

struments described foi 

use with simple alternating currents can be employed equally well for 
measuring the current or potential difference in each phase of two- and 

three-phase systems. 
Similarly for power 
jy?R 5 ’?r 0 ) measurement, wattmeters 

Artificial ^yY\/y\/y\^^ Can be inserted into each 

Neutral --(2)- phase to measurc the 

total power supplied (fig. 

,3. - I13). When the system 

is a balanced one, only 
Fig. 114 one wattmeter is required, 

the total power being’in a 
two-phase system twice that registered on the wattmeter, and in a three- 
phase system three times that registered on the instrument. 

_ I^ICK ^ When the three-phase mesh system is 

TOinrO employed with no neutral point, an artificial 

neutral point must be used, and this is 

____ by using three wattmeters, whose 

shunt coils have equal resistances, the induc- 
tances being negligible, and connecting them 
^ as shown in fig. 114. 

When the system is balanced only one 
Fig. 115 wattmeter need be used, and the artificial 

^ neutral point may be formed by the use of 

two auxiliary resistances connected to two of the phases, with the fine-wire 
coil of the wattmeter connected to the third phase (fig. 103). The resist- 


Artificial , 
Neutral pt. 


tyool 

Thick 

3 

(1) 


"^Thin coil 


Thick 

1 

(2) 


y^THIN coil 
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4 !;.'-'’^ ,4u\ili.u'v trntT In* inatit* tnjual to that of the wattmeter 

‘ !-,;r!hri ujlli its atixillarv roNi^taiicr. 

' h.nr hri'u 4 rvjsrd ha’iMoasuriii;/; tlu: puwcr in three-phase 

■ . .a .n.ui!'. u!ii 4 i ic’^tiire nuly t\uj wattmeters instead of three. 
/. A! i ru^.^rtiirut ^ Miiiahlr !«»!* oithi*!' stui* {>!’ iiiesh connection, is shown 
e ■ . 5 I hr i}:u h i'> >il, .if thr Wattmeter *in* placed in two t)f the mains, 

. 4 ”. rt:il . •-! ihr-v'. hur varr t.'oils art* coimecttal respectively to the two 

I.;.'..' . . .suci !iihi" tli'iri lU.iilid 


idllAPlltR iX 

Al l! irs\\-riNc; 4 ,:i’KliK\‘T meters 

Is. .\“! tlci! h..4% t^rrji said Ml far with rt*lereucc to liut measurement ijf 
|,.. a!vrn 4 .itni,: »• u!rent t iirauls, tin* leatliniv-. havet been supposed to 

!:,.r \hi,r:u ,.v! *|».u!siil4i !i!iir, It bei'canes necessary, however, in tin: 

, -IitV Mi , a-s"'. tthro* elretfic energy is supplied, not anly to 

thr a! 4 pi\en liinr, bul to measure the total energy sup» 

i \r. in^Auntr'uX fM.| <i|fs:tino fhe. is callrfl a recording wattmeter, 

4 In-.!riimt*!its d«*‘<i;'iietl ftif this purpost! ior ;dtt*r» 

. r-AUf'ui 4 !s*u:!s uiav In* dtvith'd into iwti main classes: (l; (‘lock 

p.r- ...nU pia-te.d oxamplo of whi« li i*-* the Arou meter; (a; M»»tor 
!i .40* hv t.ii ilif* sumsI i Miuiuon; aud tliis latter Rfoup may be 
oa- !‘A^> «iniM^ac>; 4' eoimiiulatiuo nmtor meters, wliich arc 
iJ-rva'. .ui u .^'d With »s|ual la* ihty on dire«‘t or alteniatinR circuits; 

vr^,c.-. ec.* frrad inofMr nie!f*is, wliii h tiep<*nd for their action on ilu,; 

, ^ .4 i-f.eae;: field bv tb*' aheruatmi*. *:uiTem. 

riwk n.ie' 4 ^- sneteis de|«,*nil for their action itu tlie attractiii|.f 

vW!,,-. h S'. betwf'rfi !wm cnjls i anyinR ctirrent in the same 

I ■ijj.r *,.! mth, whuh 1% made of hiic* wire anti has in 

'V'.eJi it .1 laor'.e IIIai"diit!»cti\e lesjstanet*, is ctiinu'cteil a-cross tht: 
.as.s:h'phase *ys!ein , sm as to earry a currtmt proptatiunal 
» p.,.. |a^^^-^r'*4pphrd to the distrihininp t irciiit. d’he other coiMs 

:.| tia-'. W Aiie .iini iaiijeH tlk* main current. 1 lte relative position 
! » .. .a., r. diomii 111 fie. As in thr* tst^* tT the wattmeter ilu.: 

* ,Me..:.e!eai betwei-n tin* t'uils will fiepettd, not ttnly on the niaeni- 
..I a,,., , airriC'. il cun;: through them, Iml on tlieir phase rc*latinnship, 

.... , .... ,, .-.r- e-'CC |''* 44 rr , 5 ? .t!sv u.'i! 4 fa - s C i *’ih '■■ wli.-rt* ly*"; *4 -ae 

y, , , ,, V. xhr e..a I S** as’S-friit-r Irf-eArrll Ol nwi Os h fCj - 

. ■-•j. ■■ r-».,. r I/-! 412.1 ? O ’S 

.. ..Ti.* - ■ O’, 

1 ' !m j, O', « ry wall Msa.iSS* omrirvUnms 

.-r,..! ^ 'S O M tC O *. 

. . ,, i '^r.rin I" *5 

-.w. f! 4 ' 4 f I, '*• 4 0 - 

, : ..rn . ? M,..’ -r-. t,, I- h4a,) |MA%rr. 

/ f * ' , M! 445 r.»*a. n «ir*,h 4-.>niiri.tum, l*y ininThnnciJa! ruriTne^ nncl 

. -'r-r-. ;-r-, tj tr.-.' 
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and the average attraction between the coils is proportional to the power 
supplied to the circuit. The effect of this attraction between the coils 
will be to increase the downward pull on the bob of the pendulum, 
which will be equivalent to increasing the gravitational force. Thus the 

rate at which the pendulum will vibrate 
will be more rapid when the current is 
passing than when it is not; also, since 
the attraction between the coils will be 
proportional to the power supplied, the 
rate at which the pendulum will swing 
will depend on the total power trans¬ 
mitted.^ 

In the first meters of this type that 
were developed the clock used was first 
“ ratedby comparison with a chro¬ 
nometer when no current was passing, 






Fig. ii6.—General Vitw of Aron Meter 
\vith case removed 




Fig. 117. —Differential Gear of Aron 
Meter 


and the total gain of the clock was then used to determine the total energy 
supplied to the consumer. This arrangement was, however, not at all 
satisfactory, and before many years elapsed two clocks were substituted 
one with an attachment similar to that described above, and the other 
with the ordinary pendulum. 

^ Since for a pendulum 

~ K VT where «i = number of vibrations per min., 

/c ~ a constant depending on the moment of inertia and length of the pendulum 
^ ~ acceleration due to gravity; 

we have, when the current is 

^2= K V(^+ Ik-zo), 

where represents the apparent increase in gravity, produced by the action of the current. 
Approximately, = k 

\ 2 KgJ’ 

and *2 - H, = K 

= so to (A5^rp,oponion7trth!'“ ‘'"T 
clock is proportional to the total eneS stSS ' 
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These two clocks were adjusted so as to go at exactly the same rate, 
and their mechanism connected by what is known as a differential gear. 
The two driving-wheels of this 


g-ear, shown in fig. 117, revolve in 
opposite directions. As long as 
the rate of the clocks is the same 
the central wheel will revolve 
but will not move bodily, but as 
soon as one wheel moves faster 
than the other the central wheel 
will move at a speed equal to 
the difference in rate at which 
the two driving-wheels are revol¬ 
ving. The translational movement 
of the central wheel therefore 
measures the amount of gain of 
one clock on the other, and the 
support for this wheel is geared 
to a counting mechanism which 
records its motion. The train of 
wheels which connects the cen¬ 



tral wheel to the counters is so 


Fig. 118 


arranged that the instrument 


records directly the number of kilowatt hours supplied through it 
The instrument has, during recent years, been greatly modified from its 
original form, the most considerable alterations being as follows:—Both 


pendulums are now acted on by 
the current, the connections being 
arranged so that an increase in 
the apparent force of gravity is 
produced on the one, and a repul¬ 
sion or decrease in the apparent 
force of gravity on the other. The 
accuracy of the instrument is in¬ 
creased and its range is enlarged 
by this method of connection. 
The clocks are now electrically 
driven, and are wound by a 
simple arrangement every thirty 
seconds. An automatic cut-off 
is also provided, so that if for 
any reason either of the clocks 
stop, the record is not spoiled. 

The connection of such a 



Fig. 119.—Part Section of Thomson Meter, showing 
principle of construction 


meter for a three-phase system is 

shown in fig. Ii8. The meter, though it has been described as useful for 
measuring alternating currents, can be used with equal facility for the mea¬ 
surement of direct currents, and in any case is a very accurate instrument. 
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Motor Meters.—The second type of meter (originally suggested by 
Profs. Ayrton & Perry) has become very popular. The best-known 
example used for alternating current in this country is that devised by 
Prof- Elihu Thomson (fig. 119). It consists essentially of a small motor 
in which the field coils F carry the main current, anc' the armature A the 


shunt current. There is no iron in the field-magnet system, so that the 
magnetic field produced by the current is always directly proportional to 
it The force /acting on the armature conductors at any instant is depen¬ 



dent on the strength of 
field H, and the strength 
of the shunt current c. 
Hence /oc ^ X H, and 
H being proportional to 
C, the main current,/ is 
proportional to c C. 

Now c ^, if the 

induction of the shunt 
circuit is negligible, R 
being a constant, we 
have ■ torque oc C E at 
any instant. If there 
were no resisting torque, 
the motor would in¬ 
crease in speed until 
the back E.M.F. it pro¬ 
duced was equal to the 
E. M. F. applied. In 
order that the number of 
revolutions of the meter 
may register energy, the 
speed at which the meter 
is running must be pro¬ 
portional to the power 


--- lU. 

.1. ^ . Phis is effected if a re- 

r mg torque is applied, which is proportianal to the speed. When such 
an arrangement is adopted, the speed will increase until the driving 
to consequently, the speed being proportional 

to s:;«r;"4p,s" S 

of tL^armttoiTflT''^ '' produced usually, by attaching to the arbor 

poles ofTSnL ^ '' 9 ), which moves between the 

poles ot a strong permanent magnet. Eddy currents are indiic<-rl ir, 

copper, by its motion, and these e“ddy current macTS the mt“Sic field 
lUd ‘a/whS“?hf proportional to the 

record aocnratrmanai^rt bf loSl: .rr4ie”« 
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arises from the necessary friction at the bearings. To reduce this to the 
smallest possible amount, the bottom of the arbor, which is made of hard 
steel, is pivoted on a sapphire jewel, and the top supported in a cup of 
hard steel. The spindle is steadied at both ends by collar bearings, 
loosely fitting. The friction of the brushes on the commutator (which is 
usually of eight parts) is eliminated in the latest type by using silver strip, 
which is arranged to press edgewise on the commutator surface. 

It is impossible to get exact phase equality between shunt current and 
applied potential difference, and in certain cases, where the meter has been 
used to measure the power expended in the dielectric of a cable (the 
current leading by nearly 90"" on the applied potential difference), the 
meter has been found to go backwards, thus showing that the phase 
difference between 
the main current and 
shunt current was 
greater than 90°, and 
that therefore the 
instrument was no 
longer recording 
power. Except in 
these extreme cases 
the meters are, how¬ 
ever, very reliable. 

Another type of 
meter very similar 
in principle to the 
Thomson is that 
known as the Lu5< 

(fig. 120), manufac 
tured by Luxsche Fig. 121.—Slathy Metei 

Industriewerke A. 

G. Munich. In this the armature is made up of three coils, placed at 120° 
to each other. Three of the ends of the coils are connected together, and 
the other three ends are brought out to a three-part commutator on which 
press two brushes. The advantage claimed for this meter is that the cur¬ 
rent only passes through two of the coils at a time, and this only when the 
coils are in the most favourable position. By this means the same turning 
moment is produced for a smaller expenditure of shunt current. In other 
details the meter is essentially similar to the Thomson. For a three-phase 
system two meters are used, having armatures on the same arbor, the con¬ 
nections being the same as described for the Aron meter. 

Induction Motor Meters.—The second class of motor meters is that which 
is essentially adapted for alternating-current circuits, since it is suitable 
only for such circuits. One of the earliest meters of this type is that 
devised by Herr Blathy, and is represented in fig. 121. One coil, wound 
with a few turns of thick wire, carries the main current, while another 
coil, wound with many turns of fine wire, carries a current proportional 
to the applied pressure. The winding is so designed in the latter case 
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<■ nirrent lasTS by very nearly 90° behind the applied pressure, 
men* therefore, the current and the potential difference applied to the 
are in phase with each other, we have, in the two_ cods, currents 
rh 2e Q0° out of phase, and consequently the alternating magnetiza- 
;in I Se cores of these coils will also differ in phase by 90°. . 

Pivoted so as to move in the narrow gaps of the pole-pieces of 
these coils is a flat disc of copper. As was shown when describing the 
nhenomena due to two-phase currents, the effect of two coils placed as 
ffnwn relatively to the copper disc will be to produce a rotating field, 
which travels continuously from one pole to the other. This field, which 
is continually vaiying, will produce eddy currents in the disc, the inter¬ 
action betwLn which and the field will tend to move the former 

round. The speed at which the disc 

t would ultimately be very nearly that 

trol the speed permanent^magiiet 

Fig. i22.-Interior of Shallenberger Meter in the firSt will bC effective whicll iS 

in phase with the pressure applied 
to the second. The turning moment, therefore, will be proportional to 
the product of the watt-full current and the pressure applied, or to the 
true power supplied to the circuit This being the case, the speed at 
which the motor will run when braked by a permanent magnet will be 
proportional to the power supplied through the meter. The number of 
revolutions of the disc is recorded through a worm cut on the spindle, 
which gears with the counting arrangement and with its attached dials. 

This meter can be made to record fairly accurately when the power 
factor is high, but it becomes inaccurate at low power factors, on 


Fig. 122.—-Interior of Shallenberger Meter 


account of the fact that the field in the second coil is not exactly go'" 
out of phase with the pressure applied to it 

Another very popular form, manufactured by the Westinghouse 
Company, is due to Shallenberger. The coils (fig. 122) in this case 
are placed somewhat differently, there being tw’o shunt coils CC placed 
at a certain angle to the coils MM, which carry the main current The 
current in the shunt coils is arranged to lag behind the applied P.D. 
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for loads greater than ^th of full load. Another type of meter is 
manufactured by the same firm for small currents which is very similar 
to the Shallenberger, a single (in this case copper) disc being both driven 
and braked. 

On the score both of simplicity of construction and cheapness of 
manufacture the induction motor meter offers many advantages; its 
accuracy, however, on loads of low power factor is never very consider¬ 
able, and where such loads are frequent it is usually preferable to em¬ 
ploy a meter such as the Aron, where greater accuracy is attempted. 
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CHAPTER I 

GENERAL REMARKS 


In the following article on continuous-current generators the authors 
have considered only typical modern traction and power generators, 
such as are in use in traction stations, collieries, engineering works, &c. 
They have not gone into ancient history, nor have they attempted to 
write an article on the theory of the dynamo electric machine. For 
such the reader is referred to the well-known standard works of Mr. 
Gisbert Kapp, Professor Silvanus Thompson, and Messrs. Parshall and 
Hobart. The authors have simply attempted to show how such theory 
is applied to the design of commercial generators in an engineering 
works in* order to produce a dynamo of high efficiency over a great 
range of load, sparkless in operation under all loads and such overloads 
as are likely to be met with in practice, which will run within the 
ordinary limits of temperature rise generally specified, and the cost 
of materials of which will enable the makers to compete with their 
machines in the open market. 

The methods and formulae employed are to a great extent worked out 
in the authors’ own way, and are the results of practical experience. Of 
course free use has been made of tables and curves published in many 
standard works, including those named above, but all of those given 
have been actually employed by the authors in practical work. 

Some of the methods may appear somewhat unorthodox, but, as 
employed, have been found to give very satisfactory and reliable results. 

Although the development of alternating-current generators, particularly 
for multiphase work, has been startling and rapid in the last decade, 
the development of the direct-current generator in the same time has 
been no less so. 

Ten years ago most of the dynamos built in this country were designed 
for electric-light work. For this class of work the two-pole, smooth-core, 
bar-drum machine, then in general use, was a very good machine in its 
way. Although heavy and expensive as regards material, its behaviour 
on the comparatively steady loads usual in lighting work was very 
good. Units larger than lOO to 150 kilowatts were the exception. 

The growth of power-transmission work in collieries, workshops, &c.. 
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^ f rnnrp esoeciallv for electric traction, creating a demand for large 
I^SeStors capable of standing rapidly fluctuating loads, with sudden 
Sd heaw ovLloads, without the necessity for any adjustment of the 
Tribes to prevent sparking, hastened the development of multipo ar 
Generators and at the present time few dynamo makers bufld bipolar 
machines ’in any but veiy small sizes. Even when the output is so 
small-under, say, 15 to 20 kilowatts—that there is not much to choose 
in operation or efficiency between bipolar and multipolar designs, there is 
<reneVally still a saving of material effected by adopting a multipolar type. 
This type also lends itself to a better mechanical arrangement of parts. 

Questions of economy of material and , sparkless operation at all 
loads with fixed-brush position have caused the adoption and almost 
universal use of the slotted type of drum-wound armature. 

This type of armature, with the magnetic induction at the root of 
the teeth run up to a density of, say, 130,000 magnetic lines per square 
inch at full load, and properly proportioned generally, can be made 
quite sparkless with fixed-brush position from no load to 25 per cent over¬ 
load, and yet the watts lost in field excitation at load need not exceed 
I per cent of the rated output. With the introduction of multipolar types 
of machine the tendency has been in the last few years towards simplicity 
of design. There have been a considerable number of inventions and 
suggestions which involve a radical departure from the simple type, 
such as reversing lugs, commutating poles, cord windings, &c., but none 
of these are in extensive use at present. The tendency seems to be 
towards the development of the simple type of machine and to the 
elimination of all these ingenious, but, as it seems to the authors, un¬ 
necessary devices. It seems to them that the natural conservative 
tendency of manufacturers to retain old types as long as possible is re¬ 
sponsible to a great extent for the appearance of these devices. 

New conditions arise and new requirements have to be met. The 
manufacturer, with a natural horror of altering patterns, rather than 
revise and improve his designs, attempts to work in old and unsuitable 
types and to fulfil the conditions imposed by the use of one or another 
of the devices mentioned. The result may be satisfactory for the moment, 
but the use of such devices will generally be found to be very limited, 
and when the matter is taken up carefully and from a scientific stand¬ 
point, it will in most cases be seen that there is so much room for 
improvement along straightforward and simple lines that there is no 
necessity to depart from them, at any rate in any but very special 
cases. 

The same tendency towards simplicity is seen in the armature windings 
of modem traction generators. Except in small sizes of machines under, 
say, 75 kilowatts capacity, the winding almost exclusively employed is 
plain^ multiple circuit-lap winding. In the smaller sizes mentioned two- 
circuit wave-winding, or series-winding as it is sometimes called, is used 
with advantage, as the difficulty of commutation found when using these 
windings on large machines, especially with a greater number of poles 
than four, is not so great. 
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The difference between Lap and Wave types of wiiuliiv^'s will Ik: 
understood by a reference to figs. 129 and 131, Chapter II. In the 
case of lap windings as many sets of l>rushes are necessar}' as then* are 
poles in the machine. In the case of wave or series uindini's, tun sttts 
of brushes only may be used, whatever tlic nuinher of polt‘s, altlanigli 
the number of sets of brushes ma}' he made e(jual It) tht‘ ninnber uf pt»h's 
if necessary. 

There is a considerable saving of labour effected hy the use* t>l sriT*s- 
wound armatures, owing to the reduced number of annaturt* ci»nductors, 

as the number of conductors for sucli an armature is \ times the numlxa* 

P 

necessary to produce the .same voltage if the armature liad InHai la|j'wound, 
where p is the number of pairs of pules. 

With the development of multi[)olar designs armalures of mat liines 
have become large in diameter and narrow in length. (‘ontinental 
milkers were inclined to go to an e.vtreme in this din'ction, while 
English makers have generally clung to a longer, smaller-(iianieter t\ p<* 
of armature. In larger and more modern macliines, howtuer. I’lngli^li, 
American, and Continental practice has coincided U> a g,rea!«'r c!c*t;ree, 
and there is now a very great similarity in tlie general propt>rtittns tif 
machines. The authors favour pn^jortions in which tlur fa<o is 

approximately square with pole-cores and iHjhhins of circular st't tion. 
Very little is to be gained by narrowing the length of machines 1 k’1«»w 
these proportions, and machines with greater length and less diameter 
are heavier in proportion, and bobbins and pole-piects become (»f a 
convenient and less economical sliapc for winding. 

Using these proportions, and with the pt>les covering .7 tlie armature 
circumference, a six-pole dynamo, having an armature of 3G inchi*s 
diameter, would have an armature length of 12 inchi-s; in a teinpole 
machine, having an armature diameter of 60 indices, tlu* lengdlt would 
again be 12 inches; also in a machine of twelve p<tles, willi 72 indi 
armature diameter, the length would l)c 12 inches. 'Flu* pr(t|)ortii»ii of 

length to diameter is thus / being, as l)eft>re, the number ».f |iairH 

of pole.s—a very convenient proportion. If, as is genera!!}’ ih' tlu: 

yoke is ca.st as a plain ring .separate from the jioles, tlie polos b<ung 
bolted to the imside face of the ring, the same pok* pattern could Ik: 
used in the ca.se of the three machines mentioned above*, and also the: 
same bobbin-formers. If the armature strength, /.c. tlu* am|jere turns <tf 
the armature as given by formula 4, and magnetic ilux per pf *k* wen* lo-pt 
the .same, the bobbin windings would also be the same, and one « ould 
be as certain of good operation in the case of the higgtu' machines as 
in the smaller. 

Of cour.se considerations of speed limit the use «)f pro])orlioiis such 
as mentioned above, and it is not po.ssiblc to make a s<*ni‘s of mat bines 
all of the same armature length and .size of poleqjiece ( but of vaiw iiig 
diameters and numbers of poles) which would work in for all tlie standarcl 
ratings necessary in practice. It will, however, he found tliai not mure 
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than five or six different armature kmittliN .uid |t«4f pinc^s 

will be required for a very complete serie.s cif fisatiniirs Ii'mmi an kilu\v,itt% 
up to 1000 kilowatts. 

As regards the number of poles for an\- output i"* n\'4iln\i 

tions to be taken into account are the nsaximtuii .iiuuiiuir' n-u, tioii 
pole permissible, and the maximum v«>Itap,c* prr » onuiiiitu!. ,r Ij.y pi 
allowed. 

The latter may be determined from tlm pmni u!»|f rr- 

actance which can be allowed per armature^ roil, ‘{ hi , p, .uu j. fiuili'r 
treated in Chapter I,L 

It can, however, be taken that good n-ailt% uill hr ohtaiurd if ma. hiiirs 
are built with the number of poles giv<-n in tahlr f>r!. .w. 
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CHAPTER II 

DESIGN OF ARMATURES 

In commencing to design a continuous-current armature fur au}^ 
given output the simplest and most direct way n()wacia\'s, when sn nmeli 
data is available to settle the general proportions of dianuler and len-;t!g 
is to refer to data of other machines and pick out preliininar}' prupnr- 
tions which can be altered and adjusted as t!ie design pnjceeds. Kap|> 
and others have given formuhe which arc necessarily t >nly of an appr«>\i* 
mate character. According to Kap|): 

Output in kilowatts 
where 

D 
L 

Values for the constant taken from acrtual maclunes, are ‘gwii 
on the curve shown in fig. 125 for (liffenmt out])Uts. 

The curve is plotted in values of Kj and ^‘s|)ecifie Mlie 

specific output is sim|.)ly the output t)f the machine in watts eiivi*teti 
by the speed in 
revolutions per 
minute, and is a 
quantity which is 
constant for a given 
machine, no matter 
for what output and 
corresponding speed 
it is used. It is use¬ 
ful as a comparative 
figure. Using these 
values in the above 
formula the value 
D^L can be obtained. If the number of pt}lcs to be used in tlic: design 
has been settled, and the proportions of length of armature U) diameier 
recommended in Chapter I have been ad{»pted, an approximate* diameter 
can be obtained. 

For example, assume that— 

Required output in kilowatts 250 

Speed in revolutions per minute .px) 

No. of poles settled on == (} 

Specific output = - -- ■i} 2 K 

qcx) 



revoluti ons per. 

a constant, 

diameter armature in inclu^s, 
lengtii 


tu 


The value of from curve fig. 125 for this specific output - 31,5. 
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We then have, from formula i: 

•n2T - 250 X 10^ _ 19,800. 

^ ^ " 31. s X 400 

le^ngth to diameter described in 

Chapter I, viz.; 


then D^L = 


19,800, 


and D = •i/19,800 X 3 = (say) 39 inches. 

Our armature would, therefore, be 39 inches diameter, I3_ inches long. 

Of course regard will be had to the limit of peripheral velocity; 
this should not exceed, on generators from 100 to _ 150 kilowatts 
capacity and Upwards, from 4000 to 4S00 feet per minute. In ex¬ 
ceptional cases of very high speed the design will have to be modified 
and a longer length and smaller diameter taken. 

.At the ordinary speeds met with in practice, however, the above 

formula will be found applicable. 

It would probably have been found better, however, to consult a 

table of sizes of existing machines. 

Having settled the general proportions of the armatuie, the next 
step would be to determine the magnetic flux per pole entering the 
armature from the field-magnets, and to do this we should fiist settle 
upon the magnetic density to which we are going to saturate the air- 
gap. In modern generators this density is generally pretty high, usually 

from 50,000 to 55,000 lines per square inch. Multiplying this density 

by the area of the air-gap in square inches gives the number of mag¬ 
netic lines of force or magnetic flux per pole entering the armature. 
It is convenient to reckon this quantity in millions of magnetic lines, 
or megalines, as this simplifies calculation. 

Calling this quantity 0 we can obtain the total number of inductors 
which we have to arrange on the surface of the armature from the 
fundamental formula. 

Ex 100 A 

N = --X V . (^) 

(j> X n p 

Where N = total number of inductors, 

E = total internal voltage to be generated, 

0 = magnetic flux per pole in megalines, 

= speed in revolutions per second, 
p-^ ~ number of bifurcations of the current through the armature, 
p = number of pairs of poles. 

The quantity p^ depends on the type of winding used. If plain 
multiple-circuit lap-winding is used, p^ is equal to /, being I in the 
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case of two-pole armatures, 2 iu the case of ftair-poie arniatuir%, 3 in 
the case of six-pole, and so on. In the case of two- circuit 
windings is always i, no matter what the numl)cr t>r |k 4 cs !na\^ be*. 
If duplex, triplex, or quadruplex windings arc ust'd, as is suinetinie^ 
necessary in the case of special heavy-current inaclumts, the value'. ti| 
Pi given above would be doubled in the case of dupltcv \\inclinip% tielilrti 
in the case of triplex, and four times in the case t)f quadrujjlex cmiphny. 
It is seldom, however, that one has to resort to the ii>v. id tlte^e windiuius 
especially for series-wound armatures. 

The quantity E is ecjual to— 

V + c + Cj,. 3 J 

where V = volts required tit terminals and r — internal dreq) o! vohajp* 
due to armature resistance. i\ = voltages dro|) due* re/sistaiu'e* ejf bnidi 
contacts and letids. The last mimed will be gene*rally in the* macjdjoiir 
hood of I per cent of the terminal voltage.*, while: c will usually be* 
taken at 2.4 to 3 per cent for i)n,:liminary calculation. Of cuur.** the* 
exact re.sults may be calculated when the (Esign is fuiall}* comphie'd. 

It will be well to check the figures obtained f>f the total number of 
inductons. The.se should not exceeel .such a munlH.T that tiu* ampore 
turns of the armature will Ik: greater than 5 cmkm,) ampea’c turns p«*r in* h 
length of the air-gap, using magnetic {k:nsitie‘s in the air gap of 50,114 41 
to SS,ooo lines per square inch. 

The ampere turns of the armature will be gi\'en by tlie formula; 

Ampere turns — ... ... ... ,| 

*r / /i 


C being total current, the other symbols as Inrfbre. 

The above rule, which tlie authors have found to Ik* a giHid griinal 
limit for practical work, can he stated siinpl\’ as - 


N C 
4 -P Pi <> 


< 5o,(xxj, 


S being the length of air-gap from iron to iron in inches, dlir numlH'r 
of armature inductors l)eing .satisfactorily settled witliin tla* ab«ae limii, 
the number of slots will next Ik: determined and their dimension • loo'd. 
The depth of slot can general!}' he made from 5 to 5 1 tiim' 4 ilio 
length of the air-gap in machines of over, say, 50 kibavails si/o. and 
under this size from 54 to 64 times the air-gap length, d’he uidih • <! 
slot will be settled from the ])ennissil)le magn<*tic deusit}' at tho r-*t 
of the teeth at full load. This should not e.xeeed i m m ? to 1 ; * 

lines per .square inch, nor .should it In: murh under tliis, a- u**jki!ig 
with the teeth pre.ssed to this deiisit}* has the gn:at ad\aHtagr that if 
cau.ses the magnetic reluctance in the path id" the armature cro.> niagiai 
izing field to increase greatly as the load increases, thus teiidiii;; lu 
reduce distortion of the field-fiux in the air-gap ami |>oIes, and gjiMili* 
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assisting in producing a machine haviiig fixt-d hnisli yu>iuun uhatiniT 
the load. 

A number of conditions have to l>e taken intu at ( uiint in tiritaiiiinin., 
the best number of slots to be used. If an* takim Ium i,nv tin' 

width of the teeth will come out Um givat, am! rdth’ iiirrriiis ui!l 
generated in the pole faces if solid, tinlt*^s up iht^ ati\anta a**. 

of solid pole cores and uses a laininattni ty|M‘. Chi tin* uthn- hand, if 
too many teeth are taken the ettre tHn'tane* t'xponsivf’ to Imild, aiid 
too much space is lost in the insulalitm in the %!«»! .. IlMurin. hv an 
appropriate choice of the number of {■taidtuiors pt-r slut, thr' 
slots can generally be made such that tlu‘re is soinrthina l*e!uern i.i 
and 1*5 slot per inch periphery of the arniatun*, a iiinnbri uhith will 
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inch will give good results. ' ’ '' 
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teeth are not turned, but strips of -j-’s-hich-thick iron arc fitted to the 
ventilator plate at each tooth as shown. 

In reckoning up the net effective length of armature iron, the space 
occupied by these ventilators must be deducted from the total length 
of armature over the discs, and lO per cent of the remainder must again 
be deducted for space lost owing to the insulation ].)et\vcen the discs. 

The necessary cross section of the armature condiicttjrs will Ix* deter¬ 
mined from the maximum permissible current density in ampen^s per 
square inch we can employ in them for a gi\’en temperatures rise of 
the armature surface above that of the atmosphere. lliis permissible 
current density will vary for a given rise, as the watts lost due to 
hysteresis and eddy currents in the core are greater or smaller, and in 
the case of an average type of armature, such as tliat illustratecl in 
fig. 142, may be arrived at in the following way. Taking the pttripheral 
surface of the armature over core and conductors in stpiarc inches, it 
will be found that in ordinary well-ventilated types of armature there 
will be an increase in temperature above that of the atnu.>sj)here of 
20° F. to 27® F. per watt per square inch di.ssipatcd. 

The total watts lost in the armature will ])c made up of— 

1. Watts lost due to hysteresis in core. 

2. „ „ eddy currents in core and inductors. 

3. „ „ resistance of armature inductors 

The peripheral surface and temperature rise being fixcxl, the total 
watt loss in the armature from all these causes will therefore Int also 
fixed. As the dimensions of the iron core of the armature have hettn 
determined, the hysteresis and eddy current loss can l>c calculatexi. 
Deducting this from the total permissible lo.ss in watts, we o!)tairi the 
permissible watt loss in the armature conductors. The necessary current 
density can then be found from the formula: 

Current density == ... ... 6 

where 

W = permissible watts in inductors a.s given al>ove. 

= number of bifurcations of armature current. 

in = mean length of one inductor in yards. 

N = total number of inductors. 

C = total current. 


The above formula is arrived at in the following manner:— 

The permissible watt loss W = where e is the voltage drop 
due to armature resistance. 

^ = C R where R = resistance of armature between brushes, and 

T 1ft N 

R = - ^^ 2 , where r — resistance per yard of one inductor, the (ither 
symbols as described above; therefore watts lost in armature due to copper 
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C' /- m N , 

resistance = W = —- j aiid as r 
4 / 1“ 


.cxx:'H.>J4i)5 


, w'hiTt* A 


of cross section of inductor in .s(]uare inches, W 

Current density in amjicrcs per sipiare inch is 4 ivi‘n In 

C . . , _,. c j w . . , 


-- , and from above 
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The hysteresis and eddy current losst*s, whit'h are ^cmerally linu|«*d 
together, and the total termed core loss, would usually he i ahniiat(-d hv 
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through the teeth, it is nf>t correct to take the U|>f>areiit clensit)* at 
the root of the teeth as the actual density in tlie iir>u of tlie t<*t‘th, 
A considerable portion of the magnetic llux traverses tlu,‘ sluts aiid 
ventilating ducts, so reducing the densiu^ in the teetli considerald}' 
below the apparent value arrived at if it is assumed that all tla* lliix 
flows through the iron of llic teeth. In fig. 128 is shown a cuvw of i ui 
rected and apparent densities. 

This curve is slightly below that given 1)}'' Messrs. Ihtr.shal! and H(»bart 
in their book on Electric Goierators^ which the authors lja\e found !♦» 



give values rather higher than generally met with in praititf. rhe 
above curve is plotted for teeth having an average witllh equal tu .N 
width of the slot. 

The following example may lx; of interest as illustratiuj; fli. uirtliM.I ,,f 
calculating armature losses given above. An armature havim; tho dinicn 
sions given below, and of the slotted drum type, Ian woumi fbr six i.olr . 
will be taken. 

Diameter over teeth, 36 inches. 

Length over laminations, 12 inches. 

Total lenglli over inductors, 25 inches. 

Mean length of one indiu'tor, 1.03 yard. 

Total number of inductors, 8S8. 

Full load current, 420 am}Hirt^s, 

Density in laminations below tc‘cth, 66,000 linrs per spuatv ineli. 

Apparent density in teeth at root, 13.1,000 linibs per M|u.'ue inrh, 

Corrected density in teeth from curve, 125,000 lines per squan.* inch. 

Weight of core below te(?th, 1476 libs. 

Weight of teeth, 222 Ih.s. 

Speed, 450 revolutions per minute. 

Temperature limit, 60 ' 16 rise above the atmos]>h('re. 

Alternations per second ^ p :< n 3 

Watts per lb. lost in hysteresis from curve .os p 

Watts per lb. at 22*5 alternations - .053 x 2V.5 


1.2. 










154 ^-^ ;mi|H*rrs square 


CONTINUOUS-CUKKKNT lIKN KKA l oRS 

A(id <^o°/ for eddy currents = 1-2 + -f* I""'' 

Watts core loss below teeth -■ i 47 ^* ^ 

Hysteresis loss in teeth - 3-3f> ---o oltrni.ituuis. 

Add So% for eddy currents .= 5.04 watts i»t lb. 

Loss in teeth = S -04 x 223 .say tieo watts. 

• Core loss total =’ 2650 + ri2o .H 7 o- . 1 . 

Peripheral surface of ariimturc * - 36 x 3.^4^^ *■ -5 *’*^*"^' *quait iiu u s, 

taking average ventilation, say 27" F- ri.se per watt per s.p.are nteh 2.22 w.ats per 

sauare inch permissible - 6200 watts total loss alk.w.il. 1 .-. 

^ 6200 - 3770 = 24.30 watts alltiwalile lor copper loss tor (10 1-. rise in tem¬ 
perature; using formula 6 and lilling in this eopiter loss, 

Permissible current density 
inch. 

We should, accordingly, from the ttliove ligures. limit the i iineiit density 
in the armature under consideration to lie.tween I5tx. and ifM«, amperes per 

square inch. ■ i !• i 

The above figures arc worked out by int%ins t»i an urdinan* oi null sluk> 

rule, which is quite accurate enough fi>r all ordinary dynamo d*-.iipi. 

From the density thus obtained tlu* mrossary aiva ol tlir armatun: 
inductors can be settled. Formula b cimld» c 4 ‘ t^ourse, In* so arranged as 
to give this direct without mcidentally bringjag hi the <!rnsit>% Init it will 
be found simpler in the end to proceed b)* stejo as shown, as oju* is abh: 
to mentally check the results obtained more nsidily and to detts 1 errors 
or discrepancies l)eforc proceeding vt*r)' lar on wrong, lineN. 

Making proper allowances for insulation in the slt*ts, tlierr slanild be 
just room for inductors of the aliova* si/.e. It t!un*e is more* tlian enou|*li, 
the armature is large fur the t)ut|>ut rt.siuirt'd and < an be ratc*d liigjier 
than intended, or a smaller diameter would liave* raittued. If the room 
in the slots is insufficient then the ariuaturt* is too small tor tlu* output 
required at the stated speed, and tint (U*siggi must 1 h* allerc-tl ac«'ordingly. 

As a general rule, the more the armalurt* winding, is split up, /.c. the 
greater the number of commutaU>r segments emphwed, the ln'lter will its 
performance be from the point of vittw^ t>f s|iarking.. In macdiinrs desig.iu*rl 
for soo volts to 600 volts the limit will geiH*rally lie svi In* the smallest 
permissible width of commutator segment at the ttqs the diameter c^f the 
commutator, of course, having to he kept within reas«»natilc* limits. With 
the ordinary types of carbon brushes whii:h an* employc*d. using periplit^ral 
speeds of commutator not exceeding, say, 35<>o fi-ci |)er minute*, and (‘inphjy- 
ing general armature and polc-piect* pro|)ortions and chmsities «'drea<iy ck:- 
scribed, it will generally be found sufficient fia* good pctiibrmance to limit 
the average volts per commutator bar to S to le volts in 5(Ksvull; machines 
and 7 to 9 volts per bar in 2 SO-volt machines, tlie average voltage pen" bar 
being given by the formula: 

Volts per bar = ... ... ... (7) 

where = number of commutator bars, 
p = number of pairs of jioles, 

V = terminal voltage!. 
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Mr. H. M. Hobart gives, in a paper read in Section IX of the (Ilas^enr 
Engineering Congress, 1901, a method of calculating the reactance voltage 
per segment which will be found to give go{)d results. Of t'ourst! these 
results arc strictly relative, but they give a value which is exctardingl}’ list*- 
ful as a guide in new designs and in adapting standard designs in sptH ial 
requirements. 

Tlie reactance voltage per segment, which is the voltage induccal in iuie 
section of the armature due to the section being t!u'ead<‘d by a varving 
magnetic field—that is, the magnetic field induced by the varving' current 
flowing in cill the .sections which are under one lim^ of brushes while t'one 
mutation is taking place—depends on the inductance of tlut coil and the 
frequency of reversal of the current commuted, 'llu! inductanct*, nusisuns! 
in henrys, of any coil is the total linkage (or the product (»f tin* nuinb(*r of 
turns and the magnetic flux .set U{> in the coil wluai i ampen? pas'-4*s 
through it) divided by lO^. This is proportional Xo tht^ sciuare <»f the 
number of turns. It will therefore be seen liow necessar\^ it is to kf’t'p 
down the number of turns per .segment if tlu! rcactama* voltaiy* is to be 
kept low. It will generally in large generators be found <iifhcult to obtain 
good values for the reactance voltage unless the number nf turns |H*r 'Hc-g, 
ment is not above i, i.e, 2 inductors per .segment of tlie cominuiattn*. 

In the paper referred to, the slot-enclosed j)ortion of the coil is calh-d 
the embedded length, and the part of the coil forming the end <*tnni(*c'tit>ns 
the free length. Values arc given for the field per ampere turn pm* ia-nti- 
metre length of coil which, reduced to C.G.S. lines per ampere turn ptu* inch 
length of coil, are as follows 

10 C.G.S. lines per ampere turn per inch of ernhedekai length. 

2 C.G.S. lines per ampere turn i)er inch of fre^e length. 


Using thc.se valuc.s, and remembering that the eml)ed(ifd portion i»f a 
coil lies over, or close to, the corresponding portion of the coil slu^rta ir** 
cuited under the next line of bru.she.s, and that the magnett)motiv<* fon e 
of this part is consequently twice that of the free portion, \vc nuiy fmhaflate 
the total linkage. 

An example will make this clear. If we take a case where we have t\\\> 
inductors, i turn per segment and 4 turns short-circuited undc*r viivh 


line of brushes with— 

Embedded length per turn ... ... ... 24 inches. 

F'rce length per turn ... ... ... ... 50 

Revolutions per minute of armature. 3 Ch:) 

Diameter of commutator . 2.S inches. 

Thickness of brush ... ... ... ... '875 inch. 


Linkage for embedded length = tS x 10 x 24 H;20 

Linkage for free length = 4 X 2 x 50 4cx:) 


Total linkage ... ... ... 2^20 


Then if L is the inductance in hcnry.s, L = 


= .cx:x:x3232. 








) CONTINUOUS-CURRENT GENERATORS 

The periodicity of reversal is given by 

nird^ _ ^ X 3-1415 ^ _ 200, say, ... ( 8 ) 

where - = periodicity in alternations per second, 
n = revolutions per second, 

= diameter of commutator in inches, 
t = thickness of brush in inches. 


Then if the current to be commuted by one line of brushes is, say, 50 
amperes, the reactance voltage which is given by-~ 

reactance voltage = 2 tt L C . (9) 


would work out to = 2 X S-HIS X 300 x .0000232' x 50 = 2.17 volts. 

According to Mr. Hobart this value should not exceed 3 volts, in order 
that good results may be obtained and heavy overloading be possible 
without sparking troubles arising. With the proportions of polar arc to 
pitch, gap-densities, and armature ampere turns per pole, recommended by 
the authors, no trouble has been found as regards sparking with machines 
having a reactance voltage, estimated as above, of 4 to 4^ volts per seg¬ 
ment in sizes of 250 to 300 kilowatts, although, where possible, this value 
in the authors’ machines is kept below 4 volts, and 3 volts may be taken as 
a good safe limit. 

In calculating the reactance voltage per segment of series-coupled 
armatures one may proceed as described above, remembering that the 
current to be commuted in this case is half the total current, as the value of 
i£. the number of bifurcations of the armature current for series coupling, 
is always i, and is independent of the number of poles. 

If the proportion of length to diameter of armature mentioned in 
Chapter I is adopted, viz.— 


Length 


diameter 


the calculation of reactance voltage on the above lines may be simplified 
by using the formula: 

Reactance voltage = 

where L = armature length in inches 

Z = number of turns short-circuited under one line of brushes, 

C = total current, 

~ = periodicity of reversal, 

So = turns per segment. 

As regards methods of winding and coupling up the inductors of an 
armature, only those methods in general use on modern generators will be 
considered in these pages. For information about the numerous other 
types of windings, such as double and triple lap-wound or series-wound 
armatures, interpolated segments, &c., none of which types are in anything 
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like general use, the reader is referred to the well-known German work by 
Professor Aimold and to that by Messrs. Parshall and Hobart on armature 
windings. 

Drum windings in different forms are in almost universal use ha* 
modern traction generators. Ring windings arc only used for ver}^ s|KH:ial 
cases. Drum-wound armatures of modern generators by various makcas 
differ mainly in methods of bending and forming the end cf^nnections. 
The barrel type of winding, in which the end connections are laid <ait 
flat on cast-iron barrel ends, is the method most favoured in modern 
practice. In this type the whole winding rotate^s at the same* periplirral 



speed, giving excellent cooling effect, a point of very great im|)ortan(a: in 
modern generators where the thermal limit of ()utput is the great pf)int 
to be considered, as the efficiency of these machines will, even wlit^n they 
run with temperature rises above those permissible in practice, !>e c|uite 
high enough for ordinary requirements. 

It will generally be found that on all machines fur 250 to (nx') vtdis, 
from, say, 70 kilowatts upwards, simple lap-winding, or inulti|)lt: iircuit 
single-winding as it is called, will be the best t>4)e to cm pity. It 
be on very special types of machines that any more complicated winding 
is necessary. log. 129 shows a diagram of an ordinary la|) winding, llii! 
radial lines represent inductors in the slots, the connecting lines in^^idc: 
represent the end connections to commutat(jr, and thtist; outside repn*- 
sent end connections at the back of the armature. 'rht‘ thick !>lack 
line traces out one coil or section of the armature between twe esan * 
mutator segments. The diagram shows 4K inductors and 24 commutalur 
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bars An inductor at the front end is connected to the 9th ahead 01 
it and at the back to the 7th behind it. The pitches are thus 9 at the 
frorrend and 7 at the back. The conductors will genera ly be arranged 
t°ro or more in a slot in two layers as shown in fig 130. t will be found 
coLnient to number them as shown, f... odd numbers at the top and even 

The following are the rules governing ordinary multiple-circuit single 


windings:—• 

1. The number of conductors must be even 

2. The front and back pitches must be odd, and must differ by two. 

3. The average pitch, which will be an even number, must not be very 

different from — 

2 p 


where N = total number of inductors, 
p = number of pairs of poles. 


With machines of any size, with lap-wound armatures, it is practically 
impossible to avoid small pressure differences between the circuits of 
the armature due to unequal strength of the magnetic 
circuits. These inequalities may be due to eccentric 
boring of poles, unequal quality of iron in each pole, 
brackets and projections on yoke, or to various other 
causes, and may cause serious sparking trouble at the 
commutator due to the unequal loads on individual lines 
of brushes. 

In order to counteract this, it will be found necessary, 
with lap winding, to use equalizing rings or cross connectors. 
These will be used to couple up points in the armature 
circuits which should be at the same potential, whereby any 
internal currents generated by the differences of pressure 
mentioned may be prevented from flowing through the 
brushes and causing sparking. It will generally be found 
sufficient if 4 or 5 points in the circuits of an armature 
between the brushes are coupled up thus. 

If 4 points are used there will be 8 rings necessary, 
and if 5 points 10 rings necessary, and so on. If p be the number of pairs 
of poles in the machine, each ring will be coupled to the armature at p 
equidistant points. 

In a paper by Professor Arnold in the Electrotechnische Zeitschrift, 
March, 1902, a full description of the methods of coupling these rings is 
given. The connections can be carried out at the back of the commutator, 
at the back of the armature, or on the armature circumference. 

In machines built by some German makers, the binding bands on the 
armature circumference are used as equalizing rings. 

Fig. 131 shows a diagram of a wave-connected winding or series winding. 
The thick black line, as before, shows a section or coil between two com¬ 
mutator segments. A reference to the figure will show that the pitch 



Fig. 130.—Diagram 
of Slot 
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at each end is always forward in this type of winding, and not altei’iiately 
forward and backward. Also there are only two paths through the 
winding from a positive to a negative brush, no matter what the number 
of poles may be. The quantity or the number of bifurcations of the 
armature current, is, therefore, always one with series windings and is 
independent of the number of poles. 

Two lines of brushes only are necessary to collect the cuiTcnt, a great 
advantage in smaller types of generators and motors. Where, in order 
to keep down the length of the commutator, as many lines of brushes as 
there are poles are employed, the advantages of this type of winding are 



Fig. 131.—Diagram of Wave Winding 


overbalanced by the increased tendency to spark due to unequal division 
of the current between different sets of brushes. This type of winding 
is therefore seldom employed for machines above 50 to 60 kilowatts 
capacity, although below this size excellent results and considerable 
advantages can be obtained by its use. 

The disadvantages increase the greater the number of poles employed, 
and series-wound armatures are not to be recommended for machines 
having more than four poles. 

The armature drop due to resistance, and also the effect of reaction, 
is the same for this type of winding as for similar parallel-wound arma¬ 
tures. 

The principal conditions governing the use of this type of winding 
are:— 

I. The number of commutator bars must be odd if />, the number of 
pairs of .poles, is even, and must be even if p is odd. 
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2. If y is the average pitch 

N ± 2 . 

= "TT. 

where N = total number of coiuhu't.-rs, 
p = number of pairs of p,.!.-.. 


^ Both back and front pitches must be an <kU 1 muul.er. 

They may be equal or may differ l>y c m tourq...le maehmes f-r a 

p-iven number of inductors. i t- j 

^ In using wave windings on the smaller types ..i maehmes an. on 
motors it will often be found convenient t<. use a number oi slots svhn h 
is not an even multiple of the number of commutator bars, as, lor example, 
on ^irm?iture wound with IQ^ inductois. 


c)9 coinmutator bars, 
SO slots. 


In this case a dead section or 2 dcatl inductors may hr us<‘d to hll 
up. Thus in the above armature there would hr lour imluctia’s per ^4ot 
or 200 total, i.e. 198 + 2 dead inductors. 


CHAPTER III 

FIELD-MAGNKT DESIGN 

The number of different types of ficld-ma| 4 nrt whicli have bettn em¬ 
ployed or proposed for dynamos is very great, l)Ut in nnnkm elei1rit:al 
generators the types in actual use have l)cc:omc much more uniform. 

Figs. 132 A, B, C, D show the main features of practical!)' all ihv t)'pes 
which are at present employed. 

The bipolar type, fig. 132 A, is very little used except fi»r small machines. 
In multipolar types the general practice fijr laige machines is to emphw 
cast-iron yoke rings with steel poles bolted to ihtau. 1‘hese are tatlier 
cast solid or made up of laminated steel plates. In muclnnc^s with an 
armature diameter not exceeding, say, 40 inches, the authors believe that 
better results are obtained by making the ytike ring as well as poles ol 
cast steel, the cast-steel poles being bolted on inside tlu: )*oke. Above 
this size cast-iron yoke rings offer decided adv;inlagt:s, being stiller and 
stronger, and not so liable to alter shape after macliining as tliose of 
steel. For small sizes of generators the authors {>refer solid cast-stet‘! 
poles with bobbins of round section. The saving of wire due the 
smaller length of mean convolution with round liohldns in large maclnnes 
is considerable, and although laminated poles ma}% and undoubtedly df>, 
tend to equalize the magnetic .strength of eacli |>ok‘ and to check taldy 
currents in pole faces, machines can easily Ix! built with solid |)o!es liaving 
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efficiencies of 93 to 94 per cent, which seems to render the use of luminated 
poles with their extra expense and inferior mechanical qualities unnecess.uy. 



Fig. 132.—Typc.s of Kichl-Magnci* 


The pole span (see B in fig. 132) or length of polar arc fon curve is 
usually about .65 to .72 of the pitch of the poles. .7 is a good ;t\er.igf 
proportion. The edges of the pole-piece .should either he chamfered 
or rounded off, or it should be made of an elliptical shape, in onler lo 
prevent too sudden variations of fiux in the teeth when entering under 
and leaving the pole face. As de.scribed in Chapter 11 . the polar sp.in 
and length of armature being .settled, the area of pole face' f/.c. the ai'ea of 
the air-gap) is fixed, and, assuming a density in the air-gap of lo 

55,000 lines per square inch, the flux entering the annalure from tiic p. ,li- 
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face, or useful flux, is determined. The flux- thnni.;li tlu^ uil! 

of course, be greater than this, as magnctif leakage aill neeur a 1 leuiid 
the magnetic circuit. The flux is a maxiinuu. through the yok.- ..t a 
ffig 134), becoming gradually le.ss and less until at ih.-.u nuture e 

;t is reduced to the useful flux cutting the eoiulu.lors, It is . ...u.-inent, 
however, to assume that the u.scful flux passes thr-.u;;!. tlw annatun- 
core, teeth, and air-gap, the leakage all ucauTuu; at the p,,Ie la, e, .md 
that a certain increased flux, which we may call the magnet tins, ju-se-, 
through the pole-pieces and the ynki\ a ni Ir.ika:;** liriii;; 

taken by which the useful armature flux will be multiplied t.. get the 
magnet flux. This a.ssumption simplities magnet .aleulalie.n., ver\ ...11 
siderably, and gives quite accuniti; results for ..nlinaiy w.,rk. 



On types of field-magnets similar iu fig. 132, which arc* *thusc* in 
general use, the leakage coefficient may Ik* taken as var\‘ing hetui*rn 
1.16 in machines from 100 kiknvatts and u|)wards to i,.‘ in matliines 
of 10 to 15 kilowatts, provided slotted armatures are nsc*ti. In uld 
fashioned smooth-core machines this tigure \’ari(‘(i betwren 1,3 and J. 

However, on all modern generators of usual t\*|K‘, and sizc-s ahme* 
100 kilowatts, this value may be taken as i.iO witli gocKl results. 

The magnetic densities at full load in lines |K*r st|uan‘ inch usually 
employed in modern machines, are as given }k,!1ow. 


Armature core, sheet-steel 
Armature teeth at root 

Air-gap. 

Pole cores, cast-steel 
Yoke, if cast-steel 
Yoke, if cast-iron 


65,(XX) lines |)er st|iiare iiuii 
I35,cxx) 

I02,cxx;) „ 

(JiXCKX) 

45,cxx,) 
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Using the above densities, the area of the different portions of the 
magnet-frame can be settled. The length of the pole cores left for 
bobbin space will be settled by assuming a length in comparison with 
similar machines, and then calculating out, as will be described further 
on in this chapter, whether sufficient bobbin space has been allowed to 
accommodate the necessary amount of field winding. 

Fig. 133 shows curves of ampere turns per inch of length and 
magnetic density in lines per square inch for different materials used 
in magnets and armature 
cores of modern gener¬ 
ators. 7 'he curves given 
are taken from good 
average samples. By 

means of these curves the 
ampere turns necessary 
to drive the magnetism 
through the different 

parts of the magnetic cir¬ 
cuit can be calculated if 
the mean lengths of path 
of the magnetic lines and 
the densities in each part 
are known. The sheet- 
steel curves will be used 
when considering the armature and teeth parts of the magnetic circuit, 
and the cast-steel or cast-iron curves for the poles and yoke according 
to the material of which these parts are made. For the air-gap no curve 
is necessary, as the magnetic flux in air is directly proportional to the 
magnetomotive force, which is given in ampere turns per inch of length 
of path in air by the formula: 

Ampere turns per inch = *3133 B" 



where B"' = density in lines per square inch. 

An example will illustrate the method in the simplest manner. We 
may take a machine of the dimensions shown in fig. 134. 

Assume the volts at light load 230, at full load 240, amperes 1220, speed 
90 revolutions per minute, number of inductors 1584, the yoke of cast-iron, 
twelve poles of cast-steel, and armature plates of mild-steel segments. 

The drawing shows the mean path of a magnetic line dotted in. The 
lengths are as follows:— 


Length of path in yoke ring ... 

„ » poles 

„ „ air-gap 

„ „ teeth 

„ „ armature body 


38 

13*8 -f 13-8 
•I + I 



00 


If 


The length of the air-gap is taken from iron to iron, i.e. from the 
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top of the teeth to the face of the pole. 'J'wice this anininit is taken as 
the magnetic length. 

It can be seen from the figure that the air-gap entm-s twin* intu 
the total path, as do the lengths of pole-pieces and t.-eth. 

As mentioned in Chapter II, the apparent tletisiiy at the rn..t nf 
the teeth, as figured on the assumption that the win tie nt tlu* arinatun; 
flux goes through the roots of the teeth under the pah- pinc, must 
be corrected by the curve (fig. 12S) in onler to get at tlu- actual tooth 
density to be taken in the following calculations: 

Assuming a magnetic flux in the above inacliine ot, say, to iue;;a- 
lines per pole through the armature, and taking a lealoige coeflit i.-nt 
of 1.16, the flux through the magnets, f.r. yoke and pole pieces, will he 
11.6 megalines. 

We may then proceed to calculate the ampere turns per magnetic 
circuit, and to do so it will be convenient to make out a table ;is 
follows:— 



Area in 

Density in lines 

A.T. per inch 


TtJlIal uuiprn^ 


square inches. 

per stjuare incli. 


lelipllei 

tuue*. 

Magnet ring ,.. 

280 

41,250 

KK 


555'* 

Magnet poles... 

114 

ior,ooo 

56 

27.6 

I55« 

Armature 

154 

65,000 

10 

n % 

1 2 20 

Teeth. 

77 

( 130,000 

1 123,700 

510 

4 

1 2040 

Gap. 

189 

52,800 

16,600 

1 

-75 : 

1 




! 


1 

! 



i.e. for a flux of 10 megalines per pole we require 19,6.10 aiujicn* turns 
per magnetic circuit, neglecting for the moment the ampere turns ne¬ 
cessary to compensate for reaction of anntiture. 


In working out a new design it will gencr.ally lx: found convenient 
to plot an excitation curve of the machine, as the amjxrrc turns per 
circuit can then be read off for any flux. 

Fig. 135 shows such a curve for the machine given above. It is onI_\' 
necessary to assume, say, 5 or 6 values of magnetic flu.x, ami using 
the figures for magnetic lengths and areas in the above t.ablc to calcu¬ 
late (using the curves of fig. 133) ampere turns per circuit fur each value 
of flux assumed. Plotting flux and ampere turns we net a curve which 
IS exceedingly useful in predicting the prob:d)le behiiviour of the m.i- 
chine, as well as in^ calculating the field windings. Of course, afU'r the 
machine is built, this curve can be obtained experimentallv bv ninning 
the machine without load at a constant speed, varying tin; field e.xci- 
tation by means of resistance or otherwise, and taking readings of volts 
at terminals and excitation ampere turms. The c.xcitation curve can 
en either be plotted in volts and ampere turns, or volts can he 
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reduced to flux 
follows:— 


per pole by usini*' fonnulu 2 in 


(p per pole 


V X ICO A 
’’ n X N ^ ’ 


anuilicr fonii, 
... (in 


symbols having' same meanings as in 2. 

The advantage of plotting the curve in flux and ampt^re turns is that tlio 
curve is then a standard curve for that magnet irainc and annaturr, and t an 
be used for that frame, no matter what voltage the annalunr is vvutuui !♦»!. 

If the proportions and magnetic densititrs in inagn<*ts. air tuap, and 
armature recommended in this j>aper arc empIo}'ed, it wiil t»*und 



that the load-flux point will be well up round the hcial of iho rx< ila- 
tion curve. Should this point come below the bend or low d*>\\ !i t 
the bend, the machine will be unstable, and have l)ad regulating qnali 
ties. If compound wound, there will be a considerablt* hump in tht! 
external characteristic curve, the terminal voltage rising vi*ry niiirh 
about half-load and falling away again as full-load is reached. 

Using the curve in fig. 135, assuming our generator is to Ik* t tim¬ 
pound wound, we can determine the size iincl mnnlHu* of turns f»f sfuuit 
and series windings as follows:— 

Our shunt winding y^-ill be required to give 230 volts at tlie termiii.tl'. mu 
open circuit The total internal voltage generated by the armature will be 
equal to the terminal voltage, as there is practically no internal VMltage 
drop due to the armature resistance, because no current flmvs through llie 
armature except the very small shunt current 'Fhe magnetic tlux nrees. 
sary in megalines per pole can then be calculated by formula 11; 

Light-load megalines ^ <p — X 9.1 nS 
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From the curve (fig. 135) we find that for a flux of nicgaHiU‘s 
per pole 18,250 ampere turns are needed for the magnetic cinaiit. li 
we decide to allow a temperature rise at the l>ol)hin surfact* alH>\t‘ tht' 
ordinary temperature of the atmos|)here of, say, 50' If, we must wind mi 
a wire which will give about n |>er cent more ampere turns whcii e«)ld, 
z.e, at ordinary atmospheric temperature, say 60" If 'Fherefnrt- 
+ 2000 = 20,250 ampere turns to be provided In' the shunt at Uj If 
The diameter of wire necessary can be eaUnilated from tiu' ampere 
turns direct, but, as a square root comes into tliis ealculation, a (|uieker 
way to arrive at the diameter is to divicle the terminal voltaia* at tin* 
coils by the ampere turns re(|uired, and In' tlu‘ mean lengtli t^f uiu‘ 
turn in yards, which gives us the resistance per yani {>f the ncHa*ssary 
wire. From an ordinary wire tabic we can then find a wire of standard 
gauge having the nearest resistance per yard to that Tc'quired. Of 
course if we are using, as above, ampt;r(‘ turns per inagnoic” circuit, 
we must remember that the machine has as. many inagiuiic cirtiiits 
as there are pairs of poles, /.n / magnetic circuits. In tla* <icsigpi of 
field shown, which is typical of most modern gtaierattn's, tiien* art' two 
bobbins to each magnetic circuit, therefore the tt*rminal vt»!tai;c of tiu' 
dynamo must be divided by / in order to get tlu' voltage* across th«* 
two coils, which is to be used in calculating tht;: size of shunt wires In 
the generator we are considering this works out as under: 


Volts at dynamo terminals - 230 

Volts across two coils - - uS.^vtilts 

() 

Mean len^rth of one turn in yards — 1.3 

Resistance per yard -O , .(ku.i? 

2025a X 1.3 '• 


f *Iuns 


The nearest standard wire to this is .14.4 incli diainclcr S.W.d.. which 
has a resistance jjer yard of .00145 ohm. To allow a little niarj;in, 
however, we should probably win<l on .14.S inch H.W.d, 

We have next to determine the number of turns (*f series reejuired <>n 
the bobbins in order that the terminal vollaj,;e at full loa<l shall be 2.|i) 
volts. 

The total internal voltage generateti at full loa<i will have; to be equal 
to the required terminal voltage plus the volts lost due to the resistam-e 
of armature, brushes and brush leads, series coils and connections. The 
volts lost due to armature resistance wilt he. gdven l)y the formula.- 


r ni N (' 

"" 4/r. 

where r — resistance per yard of armature inductors, 
m — mean length one inductor in yards, 

N = total number of inductors, 

C = full-load current of dynamo, 

= number of bifurcations of anmiture current, 
e. - volts lost due to armature resistance. 


^ 12 ) 
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The volts lost due to resistance of brush leads and !)rushes, 
should not exceed, in generators of over lOO kilowatts output, i per cent 
of the terminal voltage. In most modern machines it is rather undtn- 
this. In the case of the generator we are considering we have that-^. 

r = .000334 ohm 
= 1.08 yard 
N = 1584 
C = 1220 

. ^ .ocK)334 X 1.08 X X 1220 

therefore <’ = --- 

4 X 3^> 

c — 4.85 volts 

Drop in brush leads, 8:c, i /^ == 2.4 volts 
Total drop = 4.85 + 2.4 = 7.25 volts 

And the armature must generate a total internal voltage of 240 + 7.25 
= 247.25 volts in order tluit there may be 240 volts at the tmininals 
at full load of 1220 amperes. 

We can now calculate the full-load nuignetic flux in megaliiies per 
pole by again using formula n. 

hull load (j> ^ . 10.4 mcgalmcs 

15‘^4 X 1.5 

On again referring to our curve (Tjg. 135), we find that for a flux pot 
pole of 10.4 megalincs we need 21,700 ampere turns |x;r circuit The 
shunt and series winding, however, has to provide more than this amouiU. 
It has to provide 21,700 ampere turns plus an amount to ctanjxmsatc fix’ 
the demagnetizing effect of the armature current on the field, and also fur 
the decrease of flux due to the magnetic distortion in the poIe-pie<'es 
caused by the cross-magnetizing action of the armature. A detailed 
explanation of these effects is scarcely necessary in this article, but it 
can be found in most modern books on dynamo design, notably those ef 
Professor S. P. Thompson, Mr. Gisbert Kapp, and Messrs. Parshall and 
Hobart. 

The authors think that it is scarcely necessary to separate these effects 
in practical work. The constants of the ordinary reaction formula can 
increased slightly to allow for the effect of distortion, and tins will give 
quite good practical results. 

The ampere turns per magnetic circuit necessary to compensate.^ for 
armature reaction are given b}” the formula: 

Reaction ampere turns = ... (13^ 

where K = leakage coefficient, 

a = angle (T lead of brushes (from neutral |>osition), 

N = total number of armature inductors, 

C = total current, 

Pi = number of bifurcations of armature current 
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The ano-le a, or angle of brush lead on most modern multipolar 
generators, can generally be taken as about .3 to .33 of the angle between 
two adjacent pole tips. On types of two-pole smooth-core machines this 
angle was generally equal to .5 of the interpolar angle, i.e, the brushes 
were just under the horn of the leading pole-piece. As a matter of fact, 
in most modern machines, the actual brush lead angle is slightly less 
than .3 of the interpolar angle as given above; but the above figures may 
be taken to allow an extra amount for the effect of distortion. 

To return to our example, the reaction ampere turns will be equal to— 

^ ^ ^ == 2600 ampere turns 

360 X 6 ^ 

These 2600 ampere turns have to be added to the 21,700 ampere 
turns, which we found from the excitation curve were necessary to drive 
the load flux of 10.4 megalines through the magnetic circuit, giving 
21,700 -f- 2600 = 24,300 as the total ampere tuims per circuit which we 
must wind on the bobbins to maintain 240 volts at the terminals of the 
generator when a current of 1220 amperes is being taken from the arma¬ 
ture. Of this total our shunt winding already provides 18,250 ampere 
turns with 230 volts at the terminals. The terminal voltage at load, 
however, is 240 volts, and at this voltage our shunt winding will provide 

230^^”^ ampere turns = 19000, say 

We assume that the shunt regulator has not been touched, as would 
be the case in practice. The ampere turns remaining, therefore, to be 
provided by the series coils are 

24300 ~ 19000 = 5300 


With a current of 1220 amperes the actual number of turns will be 


5300 

1220 


= (say) S 




P 


or 2j turns per bobbin. 

We have now to determine if the space we have provided on the 
bobbins is sufficient to enable enough shunt wire to be wound on (after 
space has been allowed for the compounding coils) to keep the bobbin 
surface temperature below the specified limit. To do this we take into 
account the cooling surface of the bobbin in square inches and the total 
watts lost in the shunt and series coils. The temperature rise of the 
bobbins above that of the atmosphere can be taken, within the limits of 
ordinary working, as proportional to the watt loss per square inch of 
external surface. On a modern multipolar generator of the type of our 
example there would be a temperature rise above that of the atmosphere 
at the bobbin surface of 60° F. per watt per square inch. In smaller 
machines below, say, 100 kilowatts with less natural ventilation the tem¬ 
perature rise per watt per square inch would be taken as 70° F. to 75° F., 
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and in old types ot tvvo-pole generators with ver}' indifierent \’cntilation 
and large bobbins the rise per watt per square inch would }>e from 
to lOO*" F. The difference in these figures for multipolar and twcj-pole 
types is probably accounted fur by the fact that in the multipolar types of 
generator the [.)ole cores and yoke ring, owing to tlieir sha|)e, act as much 
more efficient radiators to carry off the heat from inside the bobbins than 
does the iron of the two-pole magnet frame. 

A current density in the series coils of 750 anqiercs [ler stjuare indi 
is generall}' acce[)ted as good practice in modern machines, l^'rom this 
we can fix the section of the conductor of our series coils and, ha\ing 
done so, can calculate the C“ R loss in them in watts. Assurnt^ tliis in 
our present case to be 106 watts per bol>l)in. 'The surface of one lK»!d)in 
in square inches we will take to be 420 st|uare inches; for a tx)* M riv* 
in temperature above that of the atmosphere we must limit tlu* watts 
per bobbin lost in l)uth shunt and series to 420 watts. 'This ltravt!s qcti 
— 106 = 314 watts as the permissible loss in the shunt wire. l‘he 
voltage across each bol)bin being 20 volts, the necessary resistance of 
shunt wire to be wound on per l)obbin is therefore - 


20 X 20 


1.27 ohm per bobbin rc(iuired 


It is then a simple matter to determine if the siiacc left, in our jire- 
liminary design, for shunt wire is sufficient 

Had the machine been arranged as a simi>le shunt-wound generator 
instead of compound-wound as assumed in the preceding example, the 
above calculation would have been somewhat simpler. The slumt wind¬ 
ing would then have to supply the total ampere turns |:)(‘r magnetic 
circuit necessary to maintain 240 volts at the terminals at full load, lliis 
amount we found to be 24,300 ampere turns. We must, tlierefort*, in 
calculating the resistance per yard of the shunt wire, use this value instead 
of the light-load value of 20,250 ampere turns wliicli we usixl Ixdbn*. 
Adding ri per cent as before to allow for increase of resistance due to 
temperature rise of the bobbin, we get 24,300 + 26(So =•= ampere 

turns. The resistance per yard of the shunt wire is, therefore* — 


40_ 

26980 X r.3 


= .00114 ohm per yard 


The nearest standard wire to this is .165 diameter, but we slmuld 
probably use .176 diameter wire in order to give a margin for regulation. 
If we assume the same temperature ri.se as before, viz. fkf wo !ia\'e, 
with 420 square inches of bobbin surface, 420 watts as the permissildt* 
loss per bobbin. The whole of this is now taken as slumt !(>ss. The 
necessary resistance per bobbin is, therefore, with 20 volts across each 
bobbin as before— 


20 X 20 


= *95 ohm per bol>l)in 
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Tf we arrange to wind with .176 wire, which gives 3r,itxi ainpere 
turns, we need not wind as much as .95 ohm [jcr bobbin of sliunt wire, 
as we shall have a certain amount of the shunt regulator resistance h*ft 
to reduce the 31,100 ampere turns to the auu>unt we ret|uirt% viz. ecvySt), 
and this will reduce the voltage across the bobl>ins to 


26980 

31100 


20 


174 Vt)ltS 


The permissible resistance per shunt bobbin will, therefore, Iks--. 


174 X 174 

42 b 


.72 ohm per bobbin of .I7f> win* 


In order to find the amount of resistance w<? n‘tit!in* in the* shunt 
regulator to enable us to reduce the voltage of tlu; gentu'alor to, sa\\ 230 
volts at no load, we should take from our excilatii>n curve tlie ampere 
turns necessary for this voltage~in the |)resent case*, 18,250. And as the 
shunt with no regulator resistance in circuit would give 3 I,ick> ami«*re 
turns, and has a resistance of .72 X 12 8.(4 ohms, the total resist¬ 

ance of the shunt circuit plus regulator in ordt*r U) reduce the 31,100 
ampere turns to 18,250 will be 


3U00 X 8.64 


14.7 ohms 


The regulator resistance must, thcrefcjre, be. 

14.7 — 8.64 ohms GxMi ohms 

On most modern compound-wound machinc*s the series and sluint 
coils arc wound separately and arranged with spaett in betwe*en tliem for 
ventilation instead of, as used to he tlie practice, the series c-uih, l)fang 
wound on the top of the shunt wire. This can be noticed in the illus- 
tratipns given farther on of machines by Messrs. Crompton N: llm 

Briti.sh Thomson Hoaston Co. the British \Vt!stinghouse C**., and the* 
machines designed by the authors. 

It will be seen from the foregoing bobl)in calculatituis tliat ennsider- 
able advantage is gained by keeping the mean convolution or mean 
length of one turn of wire on the bobbins as small as ptKssibk*. Riumd 
bobbins are, therefore, from this point of view, desirablt!, are also 

easier and cheaper to wind than the oblong or sciuurc-shaped One 

point must be noticed with regard to the bu})bins of modern gmiieratcu-s: 
their dimensions hardly alter on machines of very different outputs and 
sizes. In the case of old two-pole designs one of the difficulties inherent 
in the type, when large sizes were readied, was tlic unwieldy size of the 
magnet bobbins. On modern generators the number of poles increases 
as the size of machine increases, and their dimension.s and weights of 
bobbins and pole-pieces alter very little. 
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CHAPTER IV 

COMMUTATOR AND BRUSH GEAR, &C. 

The successful operation of modern multipolar generators depends 
to a large extent on the correct design of commutator and brush gear. 
The essential points with regard to the commutator to consider are 
as follows:— 

1. The bars must be held in place absolutely rigidly. It should not 
be possible to drive down a bar by striking the commutator surface 
with a mallet or hammer. 

2. The bars must not be liable to be loosened by unequal expansion 
of the commutator due to frequent heating and cooling. 

3. Sufficient radiating surface must be provided to dissipate the 
watts lost, due to brush contact resistance and friction, without ex¬ 
cessive rise of temperature. 

4. It must be possible to reduce the diameter of the commutator by 
a reasonable amount in the course of successive turnings and grindings 
without in any way weakening or loosening the bars. 

5. The copper bars and the mica insulation between them must wear 
evenly, to avoid the formation of ridges of mica between bars, which 
will cause chattering of the brushes and sparking. 

As regards the first point, this depends on the goodness of the end 
clamping arrangements for holding bars. 

Fig. 136 shows different types of end-clamps in general use. 

Fig. 136, a shows an arrangement used by the authors which has given 
every satisfaction. The top part of the clamping ring is slightly coned 
in order to give a good true seating for the bars, whilst the clamping 
down is done by the underside of the ring. This section of clamp-ring 
was adopted after very careful experiments and with excellent results. 
The commutator sleeve is of cast-iron, while the end ring is of cast-^teel. 

Fig. 136,5 is a design by Mr. Parshall used on a i6oo-kilowatt genera¬ 
tor, and is arranged so that a segment of the clamp can be removed and 
repairs effected on a portion of the commutator without disturbing the rest. 

The diameter of modern commutators is generally large in com¬ 
parison with the armature diameter. From a study of the method of 
computing reactance voltage per segment, given in Chapter II, it will 
be seen that in order to keep the value of this within the prescribed 
limits it is necessary to have a large number of commutator segments. 
In fact, in most modern machines above, say, 200 kilowatts, and wound 
for voltages of 220 or 550 volts, it will be found that it is impossible to 
keep the value of reactance voltage per segment within limits unless 
the maximum number of commutator bars is employed; that is, unless 
the number of commutator-bars is equal to half the number of armature 
inductors. This at ordinary speeds, and with the proportion of magnetic 
surface generally employed, will necessitate a commutator diameter 
equal to something like .7 to .8 of the armature diameter, as the thick- 
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ness of the commutator bars at the top must, for mechanical reasons, 
be not less than .2 of an inch, and should be more if possible. The 
thickness of mica generally employed between the segments is about 



Fig. 136.—Types of Commutator Clamps 


.03 of an inch. As a rule pure mica will be found too hard for this 
purpose, except for small commutators. If it is employed it will 
generally be found, after some months working, that ridges of mica 
have formed between the segments, which, if not trued down with an 
emeiy wheel, will rapidly get worse and cause sparking to appear at 
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the brushes. Several insulation-makers manufacture a special quality 
of mica plate for use between commutator se^'inents. Care must Ik: 
exercised in selecting- these materials, however, as, although a fenv l}qMes 
give excellent results, others are quite worthless. 

The insulating end-rings for insulating the commutator end-clamps from 
the bars are built up of mica strips stuck together by an adhesive material, 
such as shellac. They arc then moulded under liydraulic [)ressure, the 
moulds being heated to drive off the shellac used as binding material. 

It is a great mistake to make these end-rings too thick, a thickness 
of one-tenth to one-eighth of an inch being amjde for generators wound 
for 500 to 600 volts. If made much thicker than this the rings are 
liable to have soft places and ridges on the surface, which will cause 
trouble due to dropped bars, as the commutator expands and contracts 
under the changes of temperature it will meet with in practice. 

As regards the temperature rise at the commutator surface <jn 
most modern commutators the temperature rise {>01* watt per squan* 
inch of surface may be taken as from 20'^ to 25*’ h\ h‘or an 
average temperature rise above the atmosphere of 60'' to 70*' tlua’i*- 
fore, wc may allow 3 watts loss i^er square inch of surhict: af 
commutator. The losses at the commutator surface are made up c»f 
the loss due to friction of the brushes pressing on the commutator and 
the loss due to the electrical resistance of the brush surface. 
brushes press on modern commutators with a pressure of generally 
about lb, per square inch of contact surface. Taking a cochicicnt 
of friction of about 3, as given in Me.ssns. Parsluill and Hobart’s hook, 
and which accords very well with the results of practical experience, 
the friction loss in watts per square inch of brush surface works out 
as .01 time the peripheral velocity of the commutator in feet per 
minute, a very simple rule. 

The loss at the contact surface of brushes may be taken— with 
a pressure of 1.5 lb. per square inch and a current density of 30 amperes 
per square inch, which is the usual density—as 27 watts per square inch. 

An example will illustrate the application of the constants given 
above to determine the i>robabIe temperature rise of a given cummu- 
tator. Of course the results must necessarily be very approximate, as 
the condition of the commutator and the adjustment of the i>ru.slies 
may, if bad, increase the losses by two or three times the iunount 
figured from the constants given. By the use of these constants, lunv- 
ever, we can design a commutator which will, when running under 
proper conditions, give satisfactory results as regards tein|)eraturc rise. 

Assume data as under:— 


Diameter of commutator 

Rubbing length .. 

Peripheral .speed . 

Area of brush surface per line of brushes 

Number of lines of brashes 

Total current of dynamo . 


60 inches 
10 inciics 
iSoo ft. j>er min. 
8 square inches 
12 

1440 am|>ert:s 
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IS^ 

Peripheral surhice of a.>nnnutator ^h> x .^.14. x 10 - ■ 1XS4 sijuan,! 
inches. 

Total contact surface, both of positivt' aiul nr‘',ati\r* bniNho*^, K x 12 
= 96 square inches. 

Watts lost due to fricti(.>n — .t)i x !Sih» >: oo wall .. 

Watts lost due to contact resistanci* ot l>rU ‘lir > .?7 > m? * j 

watts. 

I'otal = 2590 + 1730 :rr: t Uatts. 

Watts [)er .stjuare inch oi connnutator siuiaM* ^ ^ -= /. a 

Probable temperature rise ■ J.JS x 25 I*. 

The current density pta* scpian* imii oi bni .h ?air!ato w ill Ur 

1440 . 

X 2 — 30 anipen^s jH-r square* uitli. 

It will be noticed that while, in inunputini; tin* watt , lost due to 
friction and contact resistance, the total arcM <4 all tlu' tuu>!ie*. is taken, 
half this only is taken in computiuti' tlie current densit)'. A little re- 
necti<ni will show why this is so. 

As rcR'ards the weariiq^ depth of nuHlern i:oiinmita!iU'. tin*. J’h ja-nrr- 
ally s])ecified as a radial dc})th of l inch, ;.c. 2 iiu:h<‘s may be ttirued 
off the diameter before the commutator rccjuircs renewin;.:. ‘riu:^ is 
really ample as, when properly opewattai with tarlnm brusht*;., the wear 
is excecdint^’Iy small, and a commutator willi the a!>ovt! alhavantc’ should 
last a very lon^ time before renewal is requiretl. 

'fhe use of carbon brushes is now |..teiu?ral. In t.ut, it Wi>tild In* 
impr)ssible to run modern direct-current p,enerator» tni a traction load 
with any other type of lu'usli withtmt excesavt* (i>st of upkecq^ of 
both commutator and brushes. 'Phere ant man}* t}*pc’s of brusla* mad?,! 
of various materials and dcsfqned to oiv(! a eontact, n^sistamt' vaixinq 
between copper and carbon, but none of ihestr are in ^yaaa'al use. St mu* 
of these varieties may he of service in wvy special cases, • ach as 
machines for platim^ or weldinif intcaided U.> ipve larqe c’urnml*. at low 
voltatqes, and have been .so used by the autliors, nt 4 abl\” on weldinq 
machines, but on practically all Lymetrators (k*siipie«I for tracti«»n and 
power work carbon brushes will In: found Used. lixtriulv.d ex¬ 

perience with this type of maclune leads tlie authors to riidois.r the 
opinion expressed by Messrs. Parshall and Hobart, that carbon liruslu^s 
of a hard structure run much better than !jrus!i< •N iii ,’t stifler, clns(*r 
quality. The harder type more readily ai-quins mi the ctintac! fact* 
a bright steely smooth surface, which enables tiie iium hiutc to run fbr 
very long |x;riods with remarkably little wear on f‘ither carbons c»r 
commutator. In .some cases, w’here the peripht*ra! spt'eds of commu¬ 
tators have been well above the average, say, !>etweeii 31^10 and 35 ckj 
feet per minute, and in conseipamcc brush fridion losses ha\*e In'cn 
large, the auth(,)rs have reduced these losst‘s b\* tn*atint,| the tsuTons. 
1 hose are heated to a dull red and plunejed into mac hine-tnl. *riH* 
effect of this is to give the brusli contact the necessary amount of 
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lubrication without causing smearing- of the coinnuitiitor, ami it also 
has another advantage—that it stops all trace of the grinding noise 






so common with carbon brushes, thus causing the commutator tn run 
very sweetly. 

Other makers boil their carbons in paraffm-wax, winch has much 
the same effect as the above treatment, but has the disadvantam' that 

Tot,. X. 
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it cannot be so readily and easily carric<l out l>y the ortlinar}’ dynanio 
attendant as can the first-mentioned process. 

In looking at the modern generator one point which ht‘cuines a|>parent 
is the great attention given n(nvada\’’s In' makers to the* desipji u| the 
brush-holders and gear. The tendency hen*, as in other pt*iiiis of 
design, is towards simplicity and at the sanu* tinu* soliditw 

Fig. 137 shows various designs of l)rush'lR>ldt‘rs ust*d motlern 
machines. Fig. 137, A and n illustrate types ustai by tiu* auth<»rs un 
their machines. The reaction typt*, as shown in fig. 137, a, vt*ry 

good results when u.scd on a commutator running; (|uite* true and having 
no movement due to vibration. Hut in large gt*iu*raturs, cutipled direct 
to the crank-.shaft of slow-speed engint^s, Iitnw*v(*r true tlu* CMinniulator 
may be turned, there is always a slight eeci'ntri(* mnv<‘iuent dur to the 
working of the crank-shaft in tlie htsarings causini: the hruslH's !»* pump 
up and down slightly. In the ntaction t\'pt* brush this ct»m4ant niuvv- 
ment has in time a bad effect on tlu* contact iact* ol tire liMhirr, and 
caiLses heating trouble. In the typ<‘ shown in fiig 137,11, desiggasl hy 

the authors^ I hi*, defect 
is reinerlied b\; the addi¬ 
tion ttf a flexible connec- 
titm lH*twi*en tht* i*arl>on 
block and tlu* liolder. 

Hie carbiui bltjcks 
are of th(* shape shown 
in fig. 13K. A small 
brass tiiln* is let into the 
block; into this a split pin slides; and from this split pin a fitexible con¬ 
nection is carried away to the holder. When a nt!W carbon likn'k has to 
be in.serted the split pin is pulled out tfi* the old blt>ck, whicli is thcji 
removed from the holder, a new !>loi:k is slippial in place and tlie split 

pin reinserted into the brass tube with whiclt the I>lock is fittt*d. 

This type of holder has the great advanta^tt’ the inovin*; parts 
are iis light as po.ssiblc, thus lessening the cliancc! of sparking oc'Ciirring, 
due to vibration or to roughness or unevenness of tht! lamimutator 
surface. Also the whole length of the comnnilattu- is utilized, giving 
increased efficiency and avoiding the formation of ridgt*s im tin* commu¬ 
tator periphery between the l)rushes. 

The type of brush most favoured on the C'ontinent is tliat known 

as the girder or finger type, as shown in fig. 137, G. Very got id results 

can be obtained from this type of brush, but it has sevt;rul disadvan¬ 
tages. The distance between the carbon block and tlu* brush .spindle 
brings the end of the brush spindle opposite and clt>sc to ammiut'dior 
lugs, which are at a considerably different potential from it. If care 
is not taken in arranging the brush gear there is a liiibility tt» flashing 
over between these when the machine is sulijccted ta the heavy and 
sudden overloads to which traction and power gemerators are lialde. 

Elaborate arrangements, such as used to !>e invfirialdy seen on 
generators, for raising the brushes from the commutatrir and holding 




Fii;. 138.- Sketch ofCarlxm BlurkH 
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them clear are nowadays hardly ever fitted, and in fact are quite an 
unnecessary complication. Modern commutators, if properly lookcKi 
after at the starting of the machine, require very little attention !)cyoncl 



i 


occasional cleaning with a dry rag during running. At long intervals 
they may require grinding up in position with an emery grinder, hvt the 
necessity for frequent raising of the brushes and rubl:)ing the cornmuiator 
with emery cloth has quite disappeared, and with it th(‘ nix’cl for com- 











CONTINUOUS-CURRENT GENERATORS 


162 

plicated hold off catches. There are nevertheless to be ilmnd consulting 
engineers who still specify that these are to be fitted. 

The general practice in modern machines is to sii|)port the brush- 
holder ring carrying the collecting gear from the magnet yoke by 
means of brackets . bolted to facings on the yoke. Many makers, 
notably those on the Continent, support the collectors by a .spider 
carried from the bearing. 

The authors think the former plan, as shown in fig. I 39 j 1 )C much 
the best. The machine is then self-contained, and the same machine 
can be used as a direct-driven generator coupled to high"S|)eed engine, 
as fig. 147, or arranged on the crank-shaft of a slow-speed type of engine, 
as in fig. 143, or arranged for rope driving, fitted with tliree bearings. 
The method of supporting the brush gear from the magnets leaves tlie 
commutator free and open for inspection, a point which all central-station 
engineers, or anyone responsible for the running of large generators, will 
readily appreciate. 


CHAPTER V 

EXAMPLES OF MODERN GENERATORS 

Fig. 140 shows a direct-current engine-type generator designed I>}' the 
authors for direct coupling to high-speed engine. This machine* lias an 



Fig. 140.—Direct-Current Engine-Type Generatoi 


output of 650 amperes at 230 volts, or 150 kilowatts at 380 revolutions, and 
the principal dimensions are as follows*— 
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Number of poles 


6 

Armature, diameter over all . 


36 inches 

length over conductors 


24.75 j) 

„ diameter at bottom of slots 


32.8 „ 

,, internal diameter 


21.25 jj 

,, length over iron 


12 „ 

„ effective length, magnetic iron 


9*9 » 

„ depth of slot 


1.6 inch 

„ width of slot . 


•45 

„ number of slots . 


124 

,, width of tooth at root 


.384 inch 

„ depth of conductor ... 


•7 

„ width of conductor. 


•125 „ 

„ space factor. 


.486 „ 

„ number of ventilating ducts 


2 

„ width of each duct. 


.5 inch 

„ core ... . 


mild steel 

„ spider. 


cast-iron 

» yoke . 


cast-steel 

Magnet poles . 


jj 

Brushes ... 


carbon 

Magnetic Core — 

Length of pole face 

... 

12 inches 

Length of pole arc 


13-3 » 

Pole arc -4- pitch 


•7 

Radial length ... ... . 


11.75 inches 

Diameter... 


10.5 

Bore of field . 


36-625 „ 

Depth of air-gap . 


.3125 inch 

Outside diameter of yoke 


66.5 inches 

Commutator — 

Diameter... ... ... . 


28 inches 

Rubbing length ... ... . 


10 „ 

Number of segments ... . 


248 

■Width of segment at top . 


.3250 inch 

Thickness of mica insulation ... 


.03 

Brushes — 

Number of sets ... ... . 

6 


Number in one set ... . 

5 


Contact size of each brush .... 

2 square inches 

Number of inductors . 

496 


Inductors per slot .. 

4 

six-circuit single 

Style of winding ... . 

lap or 

Mean length of inductor .. ... 

I yard 


No load voltage. 

230 

ohm 

Resistance between brushes . 

.00402 

Current density in inductors. 

1118 amps, per sq. inch 


Average voltage between commutator segments 5.6 
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Armature ampere turns 
Ampere turns tu uvennmif annatur 
Reactance voltage per se}4Uient 
Armature liux {full loati) 

Leakage coefficient R 
Flux in magnet cores 
Section of armature ... 

Magnetic length through a r man in* 

Area of teeth under one |)ole 

Magnetic length of tectii 

Area of gap ... 

length of gap 

Section of magnet core 

Magnetic length of t'ore 

Area of yoke. 

Magnetic length tlirough yoke 


reaction 


i 7 I i.,) 

1.25 

mt'/.almr*. 

214 N*|U.llr Iffirs 
n|.7:; Uhhr'. 
og •-jiiao- ihi hf's 
4..? in« hr', 

174. •■•'pt.ne Hit hr-, 

.0/4 ii{« h 

>u<Jt N-pi.iir inrhr-. 

-'4.5 neije", 

07 iui lu“, 

44 in« lirs 


Ami t nij I-! ji i 



A\fef !e ‘,i 


Bobbin Windings— 

Ohms per bobbin (.shunt) . 

Size of wire 

Number of .shunt turn.s per bol>hin 

Cro.s.s section of .serie.s wire. 

Number of .series turns jier bobbin 

Ampere turns (shunt) per cinaiit 
Ampere turns (.serie.s) 








10 

.oKo 

1 

'*f|uarc* in<ii 

: 4 ' 

>•’ 5 ,?.? 

4 


Total amporc turns at full load . 

^ This machine may he taken as a typical modern f;enerator of nindi-rate 
sue for power work. The machine was rlesip,ned f.,ruse in a st.-el works 













EXAMPLES OF MODERN GENERATORS 


i6s 

in which were several electric cranes. Two of these dynamos were ar¬ 
ranged to run in parallel There was also a heavy hoist at the blast¬ 
furnace fitted with a motor which frequently demanded as much as 500 to 
SSO amperes suddenly from the circuit; the variation of the engine speed 
from no load to full load is 5 per cent. The dynamos were arranged 
to overcompound S per cent, Le. the voltage at the bus-bars rose from 
230 volts at light load to 240 volts full load. 

Curves of performance of this machine are given in fig. 141. It will be 
noticed from the efficiency curve that the commercial efficiency of the 
machine is 94 per cent at full load, and is very nearly constant down 
to below half-load, a property which is of great value in the case of 
machines working on fluctuating loads, such as are met with in traction 
power-stations. 

The probable temperature rises at the end of six hours’ run, as cal¬ 
culated on the lines given in the preceding chapters, are as follows:— 

Armature — 

Watts lost due to armature copper resistance ... ... 1680 

Watts lost due to iron core and teeth ... ... ... 3800 


Total ... ... ... ... ... 5480 

Armature surface = 2800 square inches 

Watts per square inch = =1*96 

taking 27" F. rise per watt per square inch, probable rise at armature surface 

= 1*96 X 27 = 53® F. 


Field Coils — 

Watts per bobbin to be dissipated == 241 
Surface per bobbin in square inches = 270 
= *89 watt per square inch 
Probable temperature rise 

= *89 X 60 = 53.5° F. 


Commutator — 


Watts lost due to brush resistance and friction = 3300 
Commutator surface = 880 sq. inches , 

= 3-75 watts per square inch 
= 3-75 X 20 = 75° F. rise 

The actual value obtained on test were as given below:— 

Armature, 49° F. rise after six hours’ run. 

Field bobbins, 43° F. after six hours’ run. 

Commutator, 62° F. after six hours’ run. 


The greatest discrepancy between calculated and observed results arises 
in the case of the commutator temperature, but this is hardly to be won¬ 
dered at, for, as mentioned in Chapter IV, the condition of the commutator 
and adjustment of the brushes may increase or diminish the losses con¬ 
siderably, and so affect the temperature rise. 

Fig. 142 gives a section through the centre of the machine, showing 
the details of construction of the armature and commutator. The spider, 
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which is of cast-iron, is of very solid construction, kc\’ccl to tin* shaft h\' 
two keys driven in from both ends. One of the armature end plates 
clamping" the core discs, and also supporting the windings, is east s«»lid 
with the spider; the other is drawn by turned steel bolts, which also form 
keys for driving the core discs. The half-coupling for bolting t<» tlut engine 
fly-wheel is cast solid with the spider, thus the torsional stn^sses hiiween 
the fly-wheel and armature are taken directly by the S]:)idt‘r and nt»t liv tlu* 
shaft. The commutator sleev’c is of cast-iron with a hea\ \’ trast-stetd end 
clamping ring. The commutator centre is Ixfltcd to a flange* cast on th«' 
spider, making a very solid and lasting construction. 

This last point, more especially on large motors driving pumps or liaul 
age by means of spur-gearing, is of great importance, as the* t:t»nn<*cti«‘U 



Fig. X43. “300 K.W. Crank shaft 


between tlic commutator centre and the armature cannot bt* ton snhd, 
otherwise trouble will l>e exporiencecl with the ccniplini;- laps connectin'; 
the commutator bars and inductors. 

The brush gear is supported from th(‘ yoke In- east-iron brackets. 
The rocker ring is adjustable by means of a hanrl-wheel and screw. 'I'lie 
brushes, however, can be .set so that they do not requin; adju>tnient from 
no load to 25 per cent overload. The hand-wheel and screu*. tlH-ref-.re, 
could very well be dispcu.scd with, but arc fitted simply in accordance 
with the usual practice;. 

The outer bearing:;- is of the .self-ali,qnin;q' type, with wliite-nietal Ifearin;.; 
surfaces. Continuous lubrication is provided by means of oilini;-rin;.;'.' 
This type of bearing is typical of modern .staiulard practice, am! is of the 
type almost universally adopted on this cla.ss of inacliine. 

143 *1 photograph of a .slower-speed type of generator designed 
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stations both on the Continent and in this country. On the Continent the 
engines are generally of the horizontal type, as shown in the photograph; 
but in this country and in the United States the majority of the generators 
for this class of work are coupled to slow-speed engines of the vertical type. 

The general features of this machine are much the same as those of the 
machine just described, but on a larger scale. For instance, the brush gear 
is supported from the yoke, the commutator centre is bolted direct to the 
armature spider, &c.; but it will be noticed that the yoke ring is of cast-iron 
in this case instead of cast-steel. As already mentioned in a former 
chapter, it is becoming the practice in the case of machines of this size to 
use cast-iron in the construction of the yoke ring, as a cast-steel yoke ring, 
when designed with proper regard to the magnetic proportions of the rest 
of the machine, becomes weak from a mechanical point of view and apt to 
alter its shape after being erected. 

The magnetic density in lines per square inch in the cast-iron is usually 
taken as from 40,000 to 45,000, or about half that employed in a cast-steel 
yoke. 

A reference to the sectional drawings shown in fig. 144 will show that 
the armature core is built up of segmental plates. Each segment forms 
one-twelfth of a complete circle, and has two dove-tail projections left on 
the inside edge, which slip into dove-tail grooves machined out on the peri¬ 
phery of the cast-iron spider, so keying the plates to it. Where the edges 
of the segments butt together, *^\th of an inch is left for working clearance. 
With good stampings it should never be necessary to file or tool the slots. 
Nothing more than drifting up by means of folding drifts driven into the 
slots should be necessary in order to make their sides dress up smooth. 
If tooling or filing has to be resorted to, trouble will almost certainly be 
experienced from heating in the core. 

It will be seen from fig. 144 that the tops of the slots are recessed, and 
wood wedges driven in to keep the inductors in place. 

This method of holding the inductors in large machines is now general. 
Some makers, indeed, use it even on very small machines of less than 20 
kilowatt capacity. It has the great advantage that binding bands can be 
dispensed with and repairs can be easily effected, as the removal of the 
wood wedges is not a great matter, whereas the rewinding of several bands 
on large armatures is a troublesome and lengthy job. The authors have 
used both hornbeam and beech for the wedges in the slots; both give very 
o-ood results, but on the whole they are inclined to favour the use of beech, 
which is also more easily obtained in this country. 

The dimensions and technical data of the machine described in the 
foregoing paragraphs are as follows:— 

Number of poles 
Kilowatts 
Amperes 

Terminal volts ... 

Revolutions per minute 
Armature core ... 

Armature spider 


300 

1250 

240 

90 

mild steel 
cast-iron 
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Ampere turns to overcome armature reaction 
Reactance voltage per commutator segment 
Armature flux, full load 

Leakage coefficient === K . 

Flux in magnet coils ... 

Section of armature. 

Magnetic length through armature. 

Area of teeth under one pole 
Magnetic length of teeth 

Area of gap. 

Length of gap 

Section of magnet core . 

Magnetic length of core . 

Area of yoke. . 

Magnetic length through yoke . 

Bohhm windmgs — 

Ohms per bobbin (shunt) . 

Size of wire. 

Number of turns of shunt per bobbin 

Cross section of series wire. 

Number of turns per bobbin (series) 

Ampere turns (shunt) per circuit 
Ampere turns (series) per circuit 
Total ampere turns per circuit 


3166 
3.2 volts 
10 niegalinvs 

I . 15 

II. 5 mega lines 
154 square iiudies 
18.7 inches 

77 square inches 
4 indies 

189 stiiiare int:lH‘s 
.75 inch 

114 square inclu's 
24.5 inches 
280 stuKire indu’S 
30 iiH'hes 


1.25 

.148 diameter 
660 

1.35 .st|uarc inch 

20,333 

^533 

28,866 


This machine is arranged to stand 25 per cent overload for a period 
of three hours, and is therefore in output lower than it would otherwise 
be. The calculated probable temperature rises at the end of a six 
hours’ run were as follows:— 

Watts lost due to armature copper re.sistance «= 6000 

„ ,, iron core and teeth - 4<^oq 


Total. 10,000 

Armature surface = 6400 square inches = watt per square inch 
Probable rise at armature surflice = 1.56 x 27 « 42*'F. 


Field coils — 

Watts per bobbin to be di.ssipated « 442 

Surface bobbin, square inches = 460 = .96 watt per s(iuaiv inch 

Probable temperature rise = .96 x 60 “ 57 - 5 '' f * 

Commutator — 

Watts lost due to brush resistance and friction - 2950 

Commutator surface --= 1130 square inches 
= 2,6 watts per square inch = 52° F. 

The actual values obtained were— 

Armature ... ... ... ... .«• ••• 4^3 F. 

Field. 53" 

Commutator ... ... ... ... ... ... 62'* h\ 
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Fig. 145 shows tlu: curvtts of |)0i1orm;iut t»f tJir tnai liiut\ h will lie 
noted that the external characteristic curve of volts at teruiinals and 
current output in all th(‘se machines is sliejitly convex or !»ai ke<i‘\ 

instead of iHuni* tfuile siraipjit 
from no load to full load, dins 
is durt to two eausrs. ‘I'lir portion 
of the* exi it at it »n curve* ovi*r which 
thc! uiaclnnes are worketl is n«>t 
ipute rUraieht, and alsti the faF! 
ampen,! turns necessary to tamo 
pt*nsate ft>r arniatun’ reactitm are 
not qnittt pniptirliona! to tin* load 
at luMvy loads. 1‘he curve in 
fig. np') was taken from the* actual 
machine! illustratc*d in tie,. n|.7t 
and |.‘.ives a rouyji idtxi of heiw the 
reaction ajupere turns in'i'essary 
on the fa*ld vary with tlu* load. 
Idu* curve was taken with con¬ 
stant spc*ed, (‘onstant tc*rminal vol- 
tait'e, varying load and licit! t'xciia- 
tioii, and fixeddirush posititm. 

llu: efh‘ct of the “ h«»g“hacked ” 
shafK* of the cliaracgcrristic curve is 
not very important, unle.ss the convexity gets vitry great. If this is so, it will 
probably be found that the machine is worked too low down on the t!xcita- 
tiun curve, /.c. that the magnetic densities in the* yoke. p(»k*s. i^,c., are too low. 
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To give an example of the working of the method described in 
Chapter I of proportioning the length and diameter of multipolar 
machines, the photograph in fig, 147 illustrates a machine designed by 
the authors a few years ago, and generally similar in type to that 
shown in fig. 140, although differing somewhat in a few details. It is 



:,.S- ■ ' ■V .- ■ 

Fiff. *47.—aoo K.W. Combined Plant 


shown coupled to a Scott & Mountain enclosed high-speed engine, with 
forced lubrication, running at 325 revolutions per minute. 

A few particulars of this machine are given below, and it will be 
seen on reference to these that the length of the armature over core discs, 
gap-area, magnetic flux per pole, radial depth of armature, are exactly 
the same as those of the crank-shaft generator just descrilred. 


Number of poles . 

Kilowatts 

Revolutions per minute 
Terminal volts 
Amperes 

Armature— 

Diameter over all 

Internal diameter 

Length over iron 

Effective length of magnetic iron 

Number of ventilating ducts... 

Width of each duct ... 

Magnet core (cast-steel )— 

Length of pole face. 

Length of pole arc . 


6 

200 

525 

500 to 600 
335 

39 inclie.s 
^ •> 

'.1 

lo.X „ 

.5 inch 

13 inches 
14-5 ,, 
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core {cast-steel) {continued) — 

Pole arc pitch 

Radial length. 

Bore of field ... 
l.)ci)th of air-gap 

^ Yoke {cast-steel)— 

Outside diameter 


•7 

i.*5 ill*'lies 

n- 


iiudu's 


Commutator 

Diameter . 

Rubbing length . . 
Number of segments ... 

Brushes- 

Number of sets 
Number in one set ... 
Contact size of each lirusli 


■J.S ns* l.rs 
,Y'o 


0 

1.O5 stpiair inch 


Armature no-load voltage . 

Number of inductors... 

Inductors per slot 
Style of winding 
Mean length of one inductor 
Resistance lietween l>ru.shes ... 
Average voltage between commutator 
segments 

Armature ampere turns . 

Ampere turns to overcome armature 
reaction ... 

Reactance voltage (full load)... 


500 

()0o 

(> 

6«t;ircuit .singh* 01 lap 
i.oH van! 

7*5 volts 
H<)40 

2.H 


Bobbin 7oindinj;[S— 

Ohms per liobbin 
Size of wire 

Number of shunt turns per bobbin ... 
Section of series wire ... 

Number of .series turns per bobbin .., 
Arnjiere turns per circuit (shunt) 

Ampere turns per circuit (series) 

'Fotal ampere turns per circuit (full load) 


.M 

.05 K incti 
3454 

.3^4 s?|uart! iiiclit 

IiH,5oo 

7716 

I o 


The number of poles is 6; the diamelcr of Uk! arinatun% 3^ inches; 
and length, 13 inches. In the case of the large niachiiu* the Irngtli of 
the armature is the same, but the diameter is jR inches, or 39 x 2 
inches, and there arc twelve poles of the same .sizt! as in tiii*- smaller 
machine. As mentioned in Chapter I, if tests and figures arc avail¬ 
able relating to the [lerformance of tlie 39-iiK:h machine, the |)ro!)ahle 
behaviour of the 78-inch machine can he predicted with crmsick*rable 
accuracy. In the same way the l>ehaviour of a iiKu:hinc: liaving; say, 
20 poles and an armature 130 inches diamedtu’ and 13 inclie.s long 
could be predicted from the tests of the 39-inch machine. 
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Pig. 148 is a drawing of a machine built by Messrs. Crompton & Co. 
of Chdmsford, for power work. The design is exceedingly massive 
and substantial from a mechanical point of view. Messrs. Crompton 
& Co. have kindly furnished the following particulars:— 

Output ... ... "... ... 840 kilowatts 

Volts ... ... ... ... ... 600 


Amperes 

Revolutions per minute 
Number of poles 
Overload capacity 


1900 amperes for two hours 
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Armature- 


Diameter 

CO ini I 

I .ength over core dises 

i . 

Net tdective U‘ngth of iion ... 

15 n 

Number of slots 

... .*•:,> i 

Inductors per slot 

... 0 

Length of air g.ip (iron to in m) 

uii'li 

'fotal number oi iiuluetors ... 

15-- 

Numlier of commutator sigmrnts 

(' ■* 

Diameter of commutator 

5S III* 1 ; 


The iinnature is jsiralhd-aniplfd ant! tittf’d witli rqu.ili/iii',;- 
The flux (lensity at tlie riH>t ef tlu* tc'f'th r. r.irS. hia-s |ht 

s(]uare inch, and in the inni of the arinatiur Inuiy al«ait lints 

per sc|uare inch, 'riiest; valuets are kr*|»t !»nv in nidrr tn n> 

duce th<t cere h)s.s of the machine, as tlie ‘.ih'imI, c ;i> n‘\« 4 ntiMns |K‘r 
minute, is hi,yli f<»r a machine id' thr: ahuve dianairr. and a fre¬ 

quency of alternation (T 23 per Marond. 

The n)a|.tnets arc made up of laminated pi4e t isr-, tat in!** the < ast- 
iron yoke, and fitted with I'ast-strnd pult* sIuh-s. ‘Hh’ uirniinp. * 4 ' the 
bobliins is compound, ami it will \n: mttii«'d tliat tlie .cair', it»ils are 
wound outshle, l>ut <[uilt: indeptaidenl of the -Tunt with a spat e left 

for ventilation htdwc'em 

The densities in tlu‘ various portions of tlie ma’^neUr «in uit are as 
follows: 

Flux density in the airgaji 

„ „ wrou^ht-irun niagmi cmi’? 

„ „ east iron yuki! 

„ ,, teeth 

, ,, aruiature lanly 

The electrical eflieiency of the aljovi: machim* is as lii di as <#8.5 |K*r 
cent, and tlie ].(uaranU*ed fulldtia^i tammiercia! effa icaic}- i . ; per ctaii. 

The iJ!:uaranteed temperature rist: alnw'e that *a the atmosphen* is 70' In 
after thirty-six hours’ run at full load, d'lu? aho\e maclhm- i nf roiirse, 
fitted with a slotted drum»woun<l armature* ami carlion line-lies. 

The British Thomson Houston Comjjany have* tlesipjied aiif! ts'ecU*{I 
some very large direct-current g(*nerators. Me., i.pi is a phofinp-aph of 
the field frame of a generator desigmal for an output of kilowatts 

at 75 revolutions. The following are some piarticularN of tliis iiiaidiinc, 
kindly supplied to the authors by the* Hritisli ‘Fhoiiison Ifoustnn ('oinpany 
(Limited) of Rugby. 

The generator is an M.P. 36-pole madiine*, givings an output of 2jm 
kilowatts at 575 volts, full load, at a speetd of 75 revolutions pc*r minute. 
The diameter of the armature is 21 fet;t S indies, and of the* roinmulator 
15 feet 7 inches. The outside diameter of the frame is 31 feet, tlie total 
weight of the armature is iC)0,ooo ibs., and tin* total w<*ight of tlie entire 
machine is 310,000 Ib.s. 


M IlMr', |rtS -,*j. in« h 

3 ’ *» 
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Magnetic frame and The magnet frame is of cast-iron and 

divided horizontally, so that the upper half can be lifted to permit in 
spection of or repairs to either armatures or fields. On account of the 
large size of the frame, the lower and upper halves were each subdivided 
into three sections to facilitate transportation. 


149.—Field Frame of 2700 Kilowatt Generator 

The magnet cores are 36 in number, and of cast steel, the pole-pieces 
being laminated and securely fastened to the same; they are fastened to 
the magnet yoke by bolts which can easily be removed, so that inspection 
or repair of any particular pole-piece with its field winding can be readily 
made. The pole faces are composed of laminations of two lengths, 
arranged alternately, so as to produce the graduated field effect given by 
a chamfered pole-piece. In the old generator this effect was produced 


by chamfering the solid pole face. 












j;8 i;< »NTINl.-Ui;SH:rUUK\‘T UlvXKKAl'i »K< 

The tiekl cuils art* wtuuul t»n NpntT's ha\in;,'^ a dMuhlt* ‘•.lif'rl-irun Ijenly 
and inallcable-iruii ilaiy^cs, thf* shunt windin*.: mivk! tin* maynet 

(Vaine and the series windinit i»elt»\v it. 

rir;//^/////r.~The armature s|>idt‘r is «»!' east art »n, aiu! sn tlf‘si;,;net! that 
shrinkage? strains are avoided. d*he aniiatnrt* i mit i*, Imilt up n| laiiiina- 
tions, japanned before being, assembhsi t** pnnrn! t*ild>‘ nnii-nis. ITese 
are secured to the spider by dtn-t* tail prian, ajid ai>* Indd iii place 
by end llaiiges of castdrou. which al*>n M*rve !<» support thr enid windi!i;,gs. 

Space bolts art* inserted at t*qua! intervals betumi laiuinations t,, 
providt? vtnitilation <luct?.. 

None of the bt>lts t*nteritii‘. int<» the runstrurtion nf the aiinalurr pass 
thnmg'h tlte laminations. 

Tht; annaturi! spider is st> arraiiited tljat it pjMdujc**. a lau eliect, 
forcing the air ihronpji the ventilating, f^taie beturm tin* lamiiiatiuiis 
and into the windings, thus rislmdiig, hc'ating, of the- g,rnc‘ralor. 

'i'he armature is multiple-circuit dmm-wotiud, and |»r*a\idod uilh 
ecpmlizer rings, connected to p»>ints th etjual potential at the ba« k of tlic 
winding. 'I'he ring.s an* secured with imailation pieces attaefa^d to tlte 
arms of the spider on the liac'k tif the armature, and are r«*adi!)* um e-sible 
fur inspection. 

They tend to cum[)ensatc* for dint‘rc‘!uin the maggietic %ttr’ngtli of 
the |)oles, clue either to difk^renee in matt*rial or lenggh of air ]*ap, whit:h 
effect tends to improve the commutation of the g,enc*rator. 

Armature coils are made in halves, bat k conm-Hiiai being, tnade In* sol¬ 
dering two ends tesgethcr. This haan th'winding ha-* tlte advantag.t* tliat, in 
case it is necessary to remove ones halt’ of tlie t i»il for repairs or iu'-pectiiai, 
the other half may be left in place without disturhing, the* adjacent coils, 

Covi}nutalor,~Thv. ccanmutatta* is sujipffrted on an extension of the 
armature spider. 'Fhe commutator Isirs are of hard drawn topprr, and 
made with a dove-tail on the lower edg.e to st!ctne them in place. 

The side mica used in the construction td tlie connnutator is of s«)fi 
(quality and as thin as the requireuients for insulation will permit, so that 
even wear of mica and copper is securtxi. 

Brush-'holdcrs and AVv/.v/rex, — ITu: hrusli-la Tiers art: so ts mhiructcd 
that the tension of any brush can l>e readil)' adjusted, or the bne.h re¬ 
moved, while the machine is in opitraiiiai. 'I*he ta-U’T is itudined slig,Iitly 
forward of a radial pmsitiun, the angli: in redenaua* to the commutator 
being such as Uy largely elimiiiate llic frictit»n of tlu* hruslies in the: ^glides, 
causing it to better follow any ine(|ualities due to tlu* movements of the 
commutator. 

h/Sidatia;L--Tho insulation between the tie,‘Id coils atui magia*! frame, 
and also between armature windings and the armature ou'e, is tr*stecl at 
4000 volts alternating current fur 10 si*conds, or cchk.,) volts for a |>erieK! 
of 60 seconds. 

I he temperature of the generator is guarantei'd not to rise more than 
6 f F. after a run of 24 hours at full rated load, 'rhe rise will lud Ik: 
more than 99^ lu with an overload of 50 per cent fr»r tu’o luuirs, following 
a run of 24 hours at rated load. 
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The generator is further guaranteed to carry an overload of cq per 
cent at rated voltage for two hours, and 100 per cent momentarily with- 
out movement of the bruslies, without injurious sparkin" ’ ^ 

The generator is compounded for 525 volts no load and K7K volts full 
load, full load bcin^’ 4695 amperes. 


<'cncraior for Hlrcct Coupling to Engine 

Fig’. 150 shows another form of i^enerator, manufactured by the above 
Company for direct couplings to cng'incs. These machines have iron-clad 
armatures of the slotted drum-wound ty[)e. The field frame is cast from 
specially-selected soft iron of the hig’hest permeability, while the pole- 
pieces are of soft steel and arc solid. The bobbins are of the round 
pattern, I he armature winding's, which are separately insulated, consist 
of straight copper bars requiring but two joints for each turn, and repairs 
can easily be made. The conductors are held in the slots by wood wedges, 
as illustrated in fig. 144, rendering the use of binding bands on the core 
unnecessary. The commutator sleeve, which is of cast-iron and is pressed 
on the armature spider, is independent of the shaft. 

The following is the standard basis of rating of the above generators. 
The temperature of no part of the armature or field-coils—as measured 
by the thermometer after a run of 24 hours at full-rated load with normal 
















conditit)iis oi 
surroinidit'ii;' 
however, Int 
exceed 77" I 
al)o\'e rise it 


Fahrenh 

With th 
the ratc< 
will be 
carry a 
injurioui 
Vlg;. 
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showing the general type of machine built by The British Westinghouse 
Company. Particulars and data of the machine illustrated are not avail¬ 
able, as the^ Company is averse to publishing such data. However, the 
general design of the generators built by this Company consists of a 
circular yoke of cast-iron carrying inwardly-projecting poles of laminated 
soft steel.^ The field castings are divided vertically and set upon a guide- 
plate. ^ ihis vertical division of the field affords excellent facility for 
inspection or removal of the armature or field coils without the necessity 
of removing the armature from its bearings. These machines are generally 
compound wound, and are over-compounded to raise the pressure at full 
load in accordance with the best standard practice. The shunt and 
scries coils are removable at will. Another feature of these machines is 
that the armature core is built up upon a cast-iron spider which also has 
the commutator sleeve cast solid with it.. Larger machines have retain- 
ing-wedges of hard fibre driven into the slots as in the case of some of 
the other machines described in this paper. Carbon brushes are, of course, 
used with all these machines. The brush gear is carried in the approved 
method, z.c. from brackets projecting from a ring concentric with and 
supported by the field yoke. 

The foregoing machines are typical of modern direct-current gener¬ 
ators. Most machines built within the last few years for traction and 
power work follow pretty closely on the lines of those described. 

Of the machines described in the foregoing chapter, those described 
in the fullest detail are of the author’s own design. This is simply due 
to the fact that full data of these were easily available, whereas the 
authors were unable to obtain such complete information regarding other 
makers’ machines. 


CHAPTER VI 

COMMUTATING-POLE MACHINES 

In the following consideration of the design of motors having commuta¬ 
ting [)oles, the same rule will be followed as in the previous chapters on 
continuous-current generators. No attempt will be made to go deeply 
into the theory of commutation, but attention will be brought to bear more 
particularly on conditions affecting the design and manufacture of this type 
of motor. 

The design of motor machinery falls into three broad classes:— 

Small motors used for general purposes, and manufactured in large 
quantities. 

Small motors similar to the above, but for special purposes, such as 
hoist and crane work, &c. 

Larger motors working up to considerable powers. 

Under the designation ‘"small motor”, machines up to 6o horse-power 
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are included, and by many manufacturers they are stocked in quantities. 
The powers range from about S horse-power at 1200 revolutions per minute 
to about 700 revolutions per minute in the larger size mentioned above. 

The chief consideration in the manufacture of these motors is cheapness, 
and any device which will tend to lower their cost is of the greatest value. 
The field system is so simple that no alteration to the accepted design is 
likely to cheapen its construction. In the case of the armature—which is 
of complicated structure—great ingenuity has been exercised to reduce the 
labour in manufacture; anything which will lead to a simplified type of 
armature would, therefore, reduce the labour bill, and would, be of the 
greatest use to designers. 

It is usually found that in these machines the output is limited by the 
amount of permissible sparking rather than by the temperature rise, and in 
many cases where heating has been the limit, slight alterations in structure 
have allowed an increase in output far beyond the point where sparking 
became destructive. Of course this does not apply to totally enclosed 
machines. 

Until the advent of commutating poles, designers had usually relied 
upon the following characteristics for good sparkless running, all tending to 
make a costly armature:— 

Few armature turns. 

Few turns per coil. 

Large commutators, 

Large number of sections, and 
Strong magnetic field. 

In other words, they depended upon natural commutation as much as 
possible. The many attempts to design devices to force commutation had 
all ended in failure until Mr. Hobart published his researches into the 
conditions governing commutation. 

From that not far distant time, designers have perfected their knowledge 
of the phenomena underlying the commutation of current, and are able to 
calculate the effect with certainty. 

Before going further, it would be better to arrange our knowledge of the 
actions and reactions present in D.C. armatures during load, and to see 
what additions and alterations must be made to known theory in the design 
of commutating poles. 

First, we will recapitulate the theory as it applies to dynamo machinery 
without interpoles. The flux passing from the field magnets through the 
moving armature coils generates in them electric currents. These currents 
magnetize the armature, creating a magnetic force in opposition to the 
impressed force, i.e, it reacts on the main field. This will be made more 
apparent by the study of the diagram shown in fig. 151 A. A two-pole 
machine has been chosen for the sake of simplicity. 

Assuming for the moment that the brushes are in an upright position— 
that is, midway between the poles—all the wires lying to the right of a line 
drawn through the brushes would be carrying currents flowing to the 
observer, and all wires on tne left would be carrying currents flowing away 
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from him. It is now seen that this would make the upper |)ortion of tlu* 

armature a ‘"S’" pole, and the lower portion a “ X” p(»lc.that is, tiiere an* 

two poles of like si^m at rii^'ht aipi^'les; the resultant field would tlierefon* lit* 
at an angle to the axis of the poles. In a machine un].>n)\‘ided with a ctuii- 
mutating device it would be found impossible to collect current spark!i*S'.!\* 
in this position, as the inductance of the coils under short circaiit at tins 
moment would be sc) great that a large current wtmld Ikjw in tluun, settiii;;' 
up destructive s|)arking. It is imperative, therefore, that a Jieid mast he 
found of sufj'icieut strefii^ih to overcome tlie action of indut tance. and this 
can be done by l.)ringing tlu* short-circuited coil imd(‘r tin* inlluentc of 
opposite |)olanty to the oiu; which it has just left; in {*irect the laaishes an* 
tilted round the commutator in tlu* dir(*(‘tion of rotation iii a dymuno, and 
the reverse direction in a motor; this action now brings into pla\‘ a series 
of reactions on the main field. 

It has been seen that the action of the armatun* (*arr\‘iir.; current u itli 




J'i.:, tsji. 


the brushes in the neutral position was to distort the main flolci, then-tore it 
will be distorted to a s^'reater extent still if tin; Irnishcs are brought farther 
round the commutator and, of course, tin; mapnetie poh; which lies imme¬ 
diately above that ijosition on the armaturi;. 

It is now assumed tliat a suitairle field has hetui found, and tiiat sjiark- 
in^j has ceased. If we now turn to fi.i;'. 151 n, when- the abovr; coufliti<.ns are 
diagrammatically .shown, it will he seen that a belt of current lyin;.; iietuern 
the lines a and b, and d is in .such a })osilion as to uppose the impressed 
magnetic field, .shutting out, as it wen-, some of tin; main field. 

So that we now find that in our .search for a suitalile rer ersine, field \m- 
have considerably distorted our main field, and brouglit into plav a lar.-.e 
demagnetizing force. 

If it were po.ssiblc to keep the Itrii.shes in the neutral positinn, /,c. mid 
way between the poles, armature demagnetization wmild Ik- obliti-rated and 
distortion would be at a minimum. 

Bearing the above dis.sertation in mind, it would lie a ima h in-.re 
rational idea to take a piece of tlie main pole of snitalde stn-ngtli, a- it 
weie, and lotatc it back over the armature tii the neutral jKisiti..n, as in 
fig. ISIC. 
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It is now tuih' a step to tlu* of tlu* uit uKi n i «‘iiiiiiutatiii;; puk*. 

\Ve are now in a posilitiu to etutNidia' the theMr\' m! the ‘inuuitatinR 
|)ole at length. 

In a elosetl-eoil armature eaiii Mu tiofi or t oil ht i’/o'en t\u! inni- 

nuitattu* seipnents must durine, out' re\olulion }>«• iiau tern/d lioiu tln' 
innuence of an “ X " pole to that «•!' an "S*’. and the i ui lent w ha h w a - fk »u 
111:4 in <HUMlireetion in the ai’inaturt* \\ ill, .tina'pa’>''in ; tlie Inn It, In- 

in th»* Hner--e tiiu’* fi* ni. !l I* 41« a\ > 
that the t UM'enl {]- «\\ iii-; in thi'. ruil 
thuin;; tla* tina* n r* iindor tlir In'u-li 
niua dio aua\ and t!ion Uieir.t r m 
the r«H n .r t in (•» t i^ ai. ■'» that the 
nioiutat! it loau* ■ the hju li, tin- rur* 
ivnt i'. llouin*; in the aiiio duet lion 
a-, tliat p**uio!i n| th** aniia,lun’ it 

ha'< nou joiurd. Slaahd if umI hr 

'.o, de.tni‘ti\e .pallnn;: Vi ill he •a't 

U|>; hut it tin' pel a nl » 4 < . »nnuutat 
iu'i hit'* hern lou’’ oirardi to allow 
the aho\r eMiidilion to |n' hi *U4hl 
aliout, I oiniinitatioii uill l.»e p» rir«t. 

In the prru.ai= portion »«!' iJh* 
ht i« tk ;» ane (»l the i * aidi!!• »n <■ ?*>d'4ifl:; 
in the shnrt-ciiaaiiteil coil were considered, o they will only hr hrief1\* 
anal\'scd hert!. 

d'o make tlu* inri‘i';oin!^ more liear, wt” narader the yjaplh^ diayiani, 
fio', I5n>, in which the liia* A l; represc^nt^^ time, and (adiiiate. the \alue of 
the current ilowinif in tlu* positive* elirection till the m'Huent it iMmr*, to tht! 
|)oint a, when commutati<»n I)e*,;ins; if it is to he ‘ paikle - s it nai 4 he com 
pleted iH'fore it passes from undc'r f\ ’The euirent i--> lime Jtoun as 
dc'creasino’ at a uniform rate, anti if sut h \^a > the < a •<* there would In* 
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constant current over the wlioh* brush eauitaet, aiul it niU"4 he lu*re remeim 
bered that this could only happen with no self iiulu* lion in the short- 
circuited coil; self-induction beini; always prcsi'ut, < iirrent will not dcertMse 
at uniform rate, and the line cannot therefore !h* straiidit, but will pro!)al>l}’ 
be as shown in diajjfrain, 15 i K. 

Many forms have l>een suRR't'sted f>r this cur\e, but owin*; tlu- dilfi- 
culty experienced in an experimental determination of its exact limits, it is 
idle to conjecture further. 

The self-induction of the coil short-circuited, however, is not the whole 
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question of commutation, and by many writers on the subject the coil alone 
IS considered, and is taken, as it were, away from the armature and laid on 
a diAsecting-table. This coil is still a part of the winding, and even if the 
original current in the coil had ceased to flow, sparking might result. No 
doubt the magnetic momentum of the short-circuited coil plays the greatest 
part in producing sparking, but the voltage generated in the coil by^’cuttin^ 
hues of force produced by those turns not undergoing commutation, and by 
the voltage-drop in the short-circuited coil at the instant of leaving the 
brush, also play their part. 

We see, then, that to produce ideal or straight-line commutation we 
must obliterate the effect of self-induction, also the effect of the armature 
field, and this can be done by introducing into the coil a field equal and 
o|)l)osite to that produced by the linkage of lines and the armature field, 
and here we have the tool ready to 
our hands in the interpole. 

AL>'ain recapitulating, we have 
defined ideal commutation and the 
method which must be adopted to 
obtain it. 

\Yc know that the condition during 
commutation consists of the following- 
three effects:— 

I st, and most important, the mag¬ 
netic momentum of the coil under 
short circuit. 

2nd. The short-circuited coil cut¬ 
ting lines of force, which lines are 
set up by the armature turns not 
undergoing commutation. 

3rd. The voltage drop due to the cessation of current in an inductive 
circuit. 

The interpole must have an effect the antithesis of the natural condition. 

The magnetomotive force of the poles must be greater than, and 
opposite to, that produced by the armature. 

The ampere turns, or M.M.F. of the armature, is known with certainty, 
and the magnetic inertia can also be calculated sufficiently near for practical 
purpose.s. 

In the following pages we will discuss the distribution of the magnetic 
fluxes present in the field and linked with the armature turns. 

In the diagram, fig. 15 if, the main flux is shown threading* the magnetic 
circuit as in an ordinary machine without commutating poles. These 
poles, though shown, are left without windings; this is merely to indicate 
that they are in the position of zero magnetomotive force, and in their very 
nature could not become part of the magnetic conducting circuit. 

Fig*. 151G shows the reverse condition. The interpoles are now provided 
with a winding, and the main poles are left blank. On examination, the 
magnetic conditions are exactly similar in effect to those produced by 
winding the main poles. 




j36 continuous-current generators 

From this it might be assumed that these two fluxes are enthely 

distinct and each could exist .without 

^-the other, and such would be the case 

if one of the windings were to be dis- 
///^ 'I'' connected in any way; but with both 

/// |!!| windings excited and in normal oper- 

III _ • \ \\ ation it is quite impossible that the 

/'if ill commutating fields could take the 

—[44-f‘ ( ( t 3 ~)' J-1-shown in fig. 15 iG. 

\\l V_ Jill Now we saw previously that the 

\\ y X/ commutating field was in effect part 

fill //J main magnetic circuit rotated 

li l' armature in the place 

I — of the brushes, and with it the short- 

rig.isiG the influence of the reversing field, 

therefore it is perfectly logical to ex¬ 
pect that the commutating field will take the path of the main field, and 

being part of the main field 
diverted, it cannot in any 
N S way react on the main field 

to distort it^ 

So far we have only con- 
sidered the uhloaded arma- 

.\ ture, and we must now 

observe the conditions exist- 

__ Jffiffmllllll llllllll . I..A when the machine is 

^7 carrying current. 

/ JI The effect of the armature 

j turns is precisely the same 

Pigin this type of machine as in 

a machine without commu¬ 
tating poles, considerably distorting the main field, weakening the leading 
J , , tip, and strengthening the trailing 

I j I one. Rather more distortion wall 

iji S ^ be observed, because with forced 

— j — LLJ — j — commutation we can allow a 

f \ ! j greater specific loading than in 

/ I j ! the normal type of machine. Dia- 

-- 1 -- 1 --- grammatically the curve of E.M.F. 

I 1 j / will be as shown in fig. 151H, A 

I j j Y j J being the curve with the arma- 

j I J ^tmt unloaded, and B loaded. If 

Fig. i5ii we now superpose upon this curve 

the E.M.F. curve due to the com¬ 
mutating poles, we will get the curve shown in fig. 1511. 

1 Experimental confirmation of this can be found in an article by Messrs. Wall and Smith in the 
Electrician of April 6th, 1906. 


Fig, 151H 
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It will then be noted that immediately under the commutating pole 

aimed It "^^?"etic field, and this is the whole condition 

aimed at. This field is what we require to know most thoroughly We 

ail this 

accmately, then we can produce a sparklessly running machine 

th- fi iT will consider briefly the conditions governing the stability of 


Leakage Fields—We see that the flux of the commutating poles enters 
the pole of opposite polarity, and from this it follows that the main flux is 
not disturbed; that there being equal exciting power on all the main poles, 
the main fields will be equal. Certainly some of this field has been diverted 
through the commutating poles, but on examination of fig. 151 j it will be 
■seen that_ the main flux of that pole threads through the armature coils 
belore being* diverted to the commu¬ 
tating poles. 

So far we have considered the mag¬ 
netic circuit as if all the magnetism 
generated therein was conducted 
through the circuit without loss—in 
other words, we have not taken into 
account the leakage field, which in 
this type of machine is considerable. 


The leakage field in the case of 
ordinary machines has been clearly 
defined, and experimental research 
has determined its limits with great 
exactness. With this abnormal 
form of machine we will find that 
we have only to make certain cor¬ 



rections to our formulae to make it suitable for practical calculations. 

The leakage field which has been found to be of greatest magnitude is 
that which leaks from pole-tip to pole-tip, and as we have now placed a 
magnetic conductor in the path of this leakage field, we must expect the 
leakage to be considerably increased. It will be easily understood that 
such being the case, if great care is not taken in designing the poles, 
the leakage flux entering the commutating poles from the main field may 
even exceed the normal flux in the commutating pole, saturating the field 
so that it is not able, except under greatly increased magnetizing force, 
to give a sufficiently strong reversing field; with given magnetizing power, 
should there be a saturated commutating field, the machine would probably 
run sparklessly at half load, but with an increase of load and the increased 
current flowing round the commutating poles, would not correspondingly 
increase the flux to the required amount, and sparking would begin. 

Should the winding be proportioned for this saturation, sparking would 
commence at less than full load—due to the over-compensating of the field 
—but at full load the machine might be just right Many machines will be 
found to be running in this manner due to insufficient care being exercised 
in the original design. 
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The leakage factor, or that amount by whjch the gap flux must be 
multiplied to give the flux in the pole-pieces, has been found to lie between 
1.3 in small machines, say of 5 horse-power or thereabouts, to as low a 
figure as 1.12 in machines of considerable output and size; 1.2 being a 
general value for machines from 20 horse-power to about 60 horse-power, 
and of good design. This applies to machines without interpoles. In 
standard types of machines it has been usual to make the pole arc 70 
per cent of the armature circumference, i.e. pole arc divided by pitch of 



poles = .7, and even slightly larger than this in particular cases, but with 
commutating poles placed between the main pole-tips it is quite impossible 
to allow a ratio as large as this. It has been found by experiment that 
by reducing the distance between the pole-tips by 10 per cent—which 
is about equal to the reduction in interpolar space brought about by 
inserting commutating poles—the leakage factor is increased by about 
30 per cent. 

A 20 horse-power motor would have a total leakage factor of about 1.58, 
or, in other words, keeping the main field of the same dimensions as in the 
normal machine, the main flux would have to be 30 per cent less for the 
same exciting power, but there is a more than equal gain by reducing the 
length of the air-gap. Having neutralized the sparking field, there is now 
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no necessity to keep the air-gaps large; they can be reduced to merely a 
mechanical clearance.^ Economic design compels us to have large armature 
slots, about inch wide, and such being the case, it is necessary that the 
commutating-pole face should' cover nearly two, because there will in all 
piobability be more than one section in a slot and more than one section 
shoit-ciicuited under a brush, and therefore all the sections short-circuited 
cannot be in one slot during that period, so that the number of sections 
short-circuited will settle the width of the commutating-pole face. The 
general method is to make the ratio of polar span to pole pitch of the main 
field between .5 and .6. 

In fig. 15 IK are drawn exciting curves of two machines, showing (i) 
a curve from a motor without commutating poles, and (2) the same motor 
with interpoles; the difference is very marked. 

Having now got a general knowledge of the conditions prevailing in the 
organs of this type of machine, we will apply them to a standard design, 
after which we can sum up our altered formula. Three designs will be 
sufficient for our purpose, and will be as follows:— 

1st. Standard stock design, say 25 horse-power, protected type, for a 
Soo volt circuit, running at a speed of 800 revolutions per minute. 

2nd. A design for a special purpose, say 25 horse-power motor with 
intermittent rating, running at a speed of 500 revolutions per minute, and 
suitable for an E.M.F. of 500 volts. 

3rd. A direct-coupled plant of 200 kilowatts 500 volts, running at 500 
revolutions per minute. 

Calling the output co-efficient 

then f 

where W = Watts output of dynamo or motor 
d — Diameter of the armature in inches 
/ = Length of the armature in inches 
R = Revolutions per minute. 



Fig. 151L 
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y ■ j * ».n tip,. p;iM, in ulsuh thf* bar \!; nuwes 
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that before we can utilize it we nnn 4 even Mine the .M.M.Id *♦!' tlie annatuny 
winch is concentratial immediately underneath this p..lr; aiul this auieiint 
must l)e added to the amount alnsady neiONsare !<» Mvort onie tlie ndm lance 
of the mai^netic path. 'Fins nudhed of rah ulatiiiy, the .r aiiieunts is set 
forth in the tabulated results. If eiir estimatieus arr in al! < a-es rorreid, 
the machine wall run sparklessly at all leads and in eitheu* diret lien with 
constant brush position. 

In fi^s. 151 X and 151 o are i;iven se<dir»nal draw iiiys of tlie d«) kilowatt 
generator ancl the 25 horse-powau’ meter, nuuitieued alnwapand in tabulated 
form below will be found the General partitmlars of the machines, from 
which the reader will he al)Ie to folFaw the design. 
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Rating. 

Constant. 

Constant. 

Intermittent. 

Output... . 

200 K.W. 

25 H.P. 

25 H.P. 

Volts. 

500 

500 

500 

Amperes 

400 

42 

42 

Revolutions per minute 

500 

800 

500 

Number of poles 

6 

4 

4 

^•Innature— 

Diameter over all 

30 

12.75 

12.75 

Length over conductors 

22 



Diameter of bottom of slots ... 

26.5 

10-43 

10.43 

Internal diameter 

17 

5-5 

5-5 

Length over iron 

10 

8 

8 

IdTec'tive. length of iron 

7-9 

6-75 

6.75 

Depth of slot ... 

1-75 

1.16 

1.16 

Width of sl(.)t ... 

•5 

.64 

.64 

Number of slots 

90 

30 

30 

Width of tooth at root 

•43 

.46 

.46 

Depth of conductor ... 

.68 

.109 diam. 

.109 

Width of conductor ... 

.043 

— 

.065 

Space: factor 

•43 

•305 

-345 

Number of ventilating ducts ... 

3 

I 

I 

Widtl) of each ventilating duct 

•375 

•5 

•5 

Armature core... 

mild steel 

mild steel 

mild steel 

Sriider ... 

cast-iron 

cast-iron 

cast-iron 

1 

Yoke ... ••• 

cast-steel 

cast-steel 

cast-steel 

Pole tips 

laminated steel 

laminated steel 

laminated steel 

Brushe.s 

carbon 

carbon 

carbon 


Core — 

Length of pole face ... 

Leni^tli of pole arc 
Pole arc: pole pitch ... 

Radial length. 

Diameter 

Lcngdi of pole core parallel to 
shaft... 

Width of pole. 

Bore of fields ... 

Depth of air-gap per side 
Outside diameter of yoke 


10.25 

.65 

■3.5 

9^ 


30-25 

•125 

55 


8 

6 -S 

•65 

6-5 

8 

5 

12.43 

•093 

28.75. 


8 

6.5 

•65 

6-5 

8 

5 

12-43 

-093 

28.75 


Commutator — 

Diameter ... ••• ••• 21 

Rubbing length ... ••• 

Number of .segments ... — 

Width of segment at top ••• -336 

Thickness of mica insulation ... _ •; 
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Rating. 

Total flux linked with turns,J 
undergoing commutation ...1 

Inductance in henrys 
Circumference of commutator 
Revolutions per •second 
Peripheral speed inches per 
second 

Arc of brush contact. 

Current completely reversed 


Reactance . \ ' 

1. X36 

Current per conductor ... | 

Reactance voltage 

Average voltage to be neu-/i( 
tralized ... ... 

V =5= velocity of conductors cut¬ 
ting commutating-pole field 
in inches per second 

L « Length of path cutting 
commutating-pole field = 2 
X length of commutating-pole 
face X number of turns in i 


Constant. 
2850 . 
75 Q 

3600 ' 
3600 X 10“^ 
66 in. 

8-35 


Constant. 

3250 

635 

3885 

3885 X lO’® 
25 in. 

13-3 


Intermittent. 

4850 

950 

5800 

5800 X 10"® 
25 in. 

^•35 


.—75 _ .00136sec. -75 = .00225 sec. -^-75 = .oo^tt6sec. 
550 332 210 


— = 'J67 

I 

—__= 0 0 '> 

I 

36 ^ ^ 

2 X .00225 

2 X .00356 

>0036 

27 r X .0000389 

27 r X .000058 

X 3 = -245 

X 222 X 6 = .325 

X 140 X 6 = .; 


42 

= 21 

2 

42 

Z_ =- 2 
2 

16.3 

13.6 

13 

■ = 10.4 

I 3‘6 0 

=8.7 

^^ = 8.3 

r 

1*57 

I-S 7 

790 

530 

334 


armature coil 

60 

96 

96 

Flux density in commutating- 


pole face 

21,500 

16,300 

26,500 

Width of commutating-pole face 




Length of commutating-pole face 

II 

9 

9 

Area of pole face 


i 3 >^ 


Commutating-pole flux 

•35 

.21 

■345 

Number of commutating poles 

6 

2 

2 

Armature strength per pole ... 

6000 A.T. 

1850 A.T. 

2750 A.T. 

Ampere turns for c.p. air-gap... 

21,500 X. 313 

16,300 X .313 

26,500 X .313 

X .125 = 840 

X 093 = 475 

X 093 = 770 

Area of commutating pole ... 7 

X.875 

7 X- 87 S 

7 x.875 

Density in „ 

79,000 

48,000 

79,000 

A.T. turns from curve per in. of^ 
length ./ 

20 

7 

20 




Length of commutating pole ... 
Density in teeth under com-\ 

8.5 

50,000 

6-5 

34,000 

6-5 

56,000 

m u tating ‘poles ... ... / 

Magnetic length of teeth 

I- 7 S 

I.16 

I.I6 

Ampere turns per inch of lengtln 

6 

4 

6 
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Ih/a/ Afnpere Turns on Commufaf/nx /Wf— 


Rating, 

(‘tmsiani. 


Iiilcriiiiiient 

Pole core . 

170 

45‘5 

tJO 

Air-gap .. 

840 

475 

770 

Teeth ... 

10.5 

4.6 

7 

Ani|:)ere turns to overcome ar-\ 
mature reaction .i 

IH60 

2750 



Total ampere turns on commiu 

■ 7o-’0'5 

23H5 

3 f '57 

tating pole.. 

21K1; 

42 ^ 

Turns per pole . 

,7.5 

1 400 

3057, ,5 

42 

Sixe of wire 

' I.OX.OO7 \ 

L 4 im j)ara!lel 1 

.lyjiliiim. .i34diam. 

Main winding ... 

shunt 

sliimi 

series 

Size of wire . 

.056 

,0J2 

.144 

Turns per bobbin . 

2400 

3650 


Total turns on bobbins 

I.|,40D 

14,600 

340 

Winding room... .S'5 ^ 2.5 

5.0 X 2,0 

5.0 X 2.0 

Shunt ohms total 

><■•5 

43S 



The great disadvantage to these j>oles is t!ie weak field in tite pole 
face, amounting in one case to only ifnjcx) lines [H:r square irurli; and it is 
possible that the current flowing in slmrt-eircuited coil niiglit momentarily 
reverse the impressed field, allowing more powerful current to fl«tw—pro¬ 
ducing a fluctuating hlM.F. and consefjuent siiarkiiig—lHit the authors 
have never noticed it during test. I'hese consideratitins are tmtside of the 
designer’s field. 


CHAPTER Vll 

turbo-(;knerat<)Rs 

In this chapter the design of*machint*s for higli sjxtedH will l)e con¬ 
sidered without any reference to tlie ect^ncanic conditions \vhich have 

produced this type. 

In turbo-driven dynamo-machinery it is not mily necesHar}^ to have 
a high rotative speed, which makes the mechanical design of the liearings 
a matter of the greatest importance, but very high peri|ilienil vel«cities are 
required. 

In slow-S|'>ced machinery—by winch is meant d}aiarno - machinery 
having a comparatively low number of rcvolutioris per niiriiite—j>c!ri|)hcra! 
velocities of 4000 feet per minute are general, and velocities of (kXK) feet 
per minute exceptional; but when we come to look into the dimensions 
necessary to fulfil given conditions in turixi-driven dynainos, we find that 
velocities of 10,000 feet fxir minute are considered a minimum in the case 
of A.C. generators, and a little higher velocity is considered to l>e the 
maximum for D.C. generators. These velocities can be exceredexi where 
the conditions are such as not to allow of a machine of mere normal 
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dimensions and velocities of 20.000 feet per minute can be considered the 
limit in alternators, and 17,000 feet per minute in D.C. generators 
Below IS given a table of centrifugal forces, from which it will be seen that 
an immense amount of care must be taken in the mechanical design of 
very high-velocity machinery. ^ 


Centrifugal Force in Lbs. Weight per lb. at Various Speeds 


I^ia. 

of 

Path. 



Revolutions per Minute. 

------- I 

In. 

1000 

1100 

1200 

1400 

1600 

1800 

2000 

2500 

3000 

12 
18 
24 

30 

36 

42 

48 

54 

60 

66 

72 

170.25 

255-40 

340.50 

425.60 

510.80 

595-90 

681.00 

766.20 

852.00 

936.40 

1021.50 

206.00 

309.0 

412.0 

514.9 

618.0 

721.0 

824.0 

927.0 

1039.9 

1133-2 

1236.0 

245-15 

367.7 

490.3 

612.9 

735-5 

858.0 

980.6 

1103.3 

1235-8 

1348.5 

1470.9 

333-75 

500.6 

667.5 

834.4 

1001.3 

1168.2 

1335-0 

1502.2 
1768.8 
1835-8 
2002.5 

435-90 

653-8 

871.8 

1089.8 

1307.6 

1525-8 

1743-6 

1961.5 

2179.6 

2397.7 
2615.2 

551-65 

827.4 

1103-3 

1379-0 

1654-9 

1931-0 

2206.6 
2482.8 ’ 
2758-0 
30342 

3309-9 

681.00 

1021.6 

1362.0 

1543-6 

2043.0 

2383-4 

2724.0 

3065.0 

3087.2 

3745-5 

4086.0 

1064.00 

1596.2 
2128.0 

2660.2 
3192.0 
3724.0 
4256.0 
4789.0 

5320.4 

5852.5 

6384.0 

1532.25 

2298.8 

3064.5 

3831-05 

4596-7 

5362.8 
6129.0 
6897.0 
7662.1 

8427.8 

9193-5 


Until recently it was not found possible to make large turbo D.C. 
generators that would run quite satisfactorily. In slow-speed generators 
great care is exercised in the choice of constants limiting their general 
performance; the extra care needed in the successful design of turbo¬ 
generators is about in proportion to the differences in the speeds. To 
take an example:—The smallest power at which a turbine can be made to 
compete successfully with a high-speed engine is (not below) 500 K.W. In 
the high-speed engine case the revolutions per minute would be about 300, 
and the generator armature dimensions would be about 55 inches in 
diameter by ii inches long, with say, 10 poles. By contrast the turbo¬ 
generator set would run at about 1500 revolutions per minute, or five times 
as fast as the H.S. engine set, and the armature dimensions would be 
about 30 inches in diameter by 18 inches long, with say, 4 poles. 

The losses being in each case about the same, the turbo set will have to 
dissipate twice as much energy loss per square inch of radiating surface as 
the H.S. engine set, therefore the ventilation will have to be twice as good 
in the turbo set as in the H.S. set. 

It would be better to discuss D.C. and A.C. turbos separately. For, 
although the general mechanical principles underlying the designs are in 
each case similar, the methods of treatment are radically dissimilar. 

D.C. generators will be taken first, as much that has been said in the 
previous chapters will be required in the study of this type of generator. 

Below is given a table of powers and speeds adopted by turbine makers, 
and these will be seen to be enormously faster than the fastest high-speed 
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engine set, and will mean to the designer a radical cliange in his formulai, 
if not their wholesale abandonment, and a reconstructed system based on 
experimental results. As a guitle for .students a tal»le is given showing the 
constants adopted by designers of D.C’. generators, and ujtposite, a table of 
suggested con.stants for use with turbo-generatt>rs. 


RiUetl (lutput 

ill 


j Railrtl Uijl. 

ill 

in K.W. 

R.P.M. 


1 pul in K.W. 

1 

R.P.M. 

JOO to lOOO 

3000 

3 

50 to 300 

3000 

rsoo to 3000 : 

1500 

4 

' SO© 

; 3000 * 

4000 to 6000 

lOOD 

6 

i j 750 

i - .. .. 

1 1500 ^ 


A.C. TurlK»-Gtm*rutt»r!i, 50« 


Sli -s\ H'fc! Mlirhirii*ry. 

Peripheral velocity (armature) 4000 to 5000 ft. iH‘r mm, 
j, (commutator) 2600 to 3000 ft. per min. 
Specific loading in ampercl 
wires per inch of arma»r 
ture circumference .. ^ 
inchj 

inch I 

inch I 


I >:i\ TiirPu^ 

M;u:lniirry, 

1 3,000 to 20,000 ft. per min 
5000 to 6000 ft. per min. 


Watts per square 
bobbin surface ... 

Watts per sc|uare 
commutator surface 
Watts per square 
armature surface 
Magnetic densities in finest 
per Sfjuare inch, yoke(steel)/ 
Poles in fines per sejuare inch 
Air-gap „ „ 

I ecth ,, ,, 

Core-plates „ „ 

Copper densitm^ 

Armature, amperes 
square inch 
Carbon, amperes 
square inch 
Ventilators 


SO® 


3 *® 


3*0 


Ho,000 

I 10,000 

50,000 to 60,000 
130,000 to 160,000 
65,000 to Bo,000 


Hoo 


•45 

4.0 

S'O 

Ho,000 

110,000 
40,000 
125,000 

40,000 to 50,000 


per I 

perj 


2300 

35 carbon 
• % every 3 inches 


1500-3000 

I 50 to 60 
Igraphidc carbon. 

I - % every i *4 inch. 

the (lynaino separately and 


It would be better to take each rneml>cr of 
apply the suggested con.stants, and in this way it will l:je fciiiod possible to 
get a good working idea. 

Armatures.—The first suggestion which {)reHents itself is that the arma¬ 
ture should be made stationary as in an A.C. gencirator, and thus at once 
get over the difficulty of keeping tlm insulation of the wire good luidcr the 
enormous strain which must be thrown uptm it during running, and the 
protection of the end connections «against the abrasion or cutting of the 
insulation, and the very difficult problem of commutator design; but the 
difficulties pale into in.significance by the side of tlmse introduced by rotat¬ 
ing the field-magnets and brush-gear round a stationary commutator. 
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The authors are in favour of as straight ahead a job as possible without 
comphcation, and are confident that the design which has been found good 
in the past, with proper modifications, will be found equally good in the 
future. 

D.C. turbo armatures, then, will be very similar in structure to the 
normal type, but it is 
now impossible to run at 
a peripheral velocity as 
low as 4000 to 5000 feet 
per minute—a velocity of 
at least double this will 
have to be arranged for. 

Take the 500 K.W. 
generator as an example 
(we might have taken 
5000 K.W., but all that 
applies to this large size 
applies to the smaller 
with equal force), running 
at 1500 revolutions per 
minute. Below is given 
an output coefficient 

curve for this type of machine, from which it will be seen that the co¬ 
efficient used is smaller than in a machine of similar output but of slower 
speed. The reason of this difference will be seen later. We have assumed 
a diameter corresponding with the maximum peripheral speed which we 
have previously settled, say 30, and from the output curve we find the 
length of the armature to 
be 18. We can be early 
on the look-out for com¬ 
mutation troubles, and 
vve know that without 
some form of armature 
compensation it will be 
impossible to commutate 
the current. We have 
only four poles, and, of 
course, two collecting 
paths through the arma¬ 
ture ; also, we cannot 
use carbon brushes on 
account of the high peri¬ 
pheral commutator velocity, so that the good features which carbon 
brushes introduce must be foregone, unless we can keep the commutator 
velocity within reasonable limits; and the authors believe that it is possible 
to do so, and run carbon brushes at a higher velocity than has been 
usually thought possible. 

We will decide to use commutating poles as the simplest method to 
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overcome some of the olyectionul feature*-; foiincl in comiiuitatiii^' large 
currents with high commutator s|H.*etls. anci later we can cciiisiiitT some of 
the metlmds a(lt)ptecl by various manufacturers ti» t!ie s-duw eiicL 

Commutating poles ussumech a mucli smaller ratio of polar span must 
be usech say 30 |>er cent less than tlie usually accepteci siaii«lar«h which 
would make the ratio somewhere in tlie iieighlioiirtiood of 50 jii!r cent. 
The area of the pole face would lx? alMiiit 225 sciiiare iiic}ii*s, arid to keep 
down the numlx^r of armature ct»nducti»rs wc* must Iiave as large a field as 
possible, so we may fix the densitj' in the pok* face at s.i)* aboiit 4 cacw 
lines per scjuare inch, and this wtmlt! give m a flux of 10.2 x 11/; this is 
near enough to go on with. Taking the abo\’e flux ami using the ftirmiiia 

N = X fi^d we retiuire 20K inthicttirs, which we can 

</> X // IC 

quite conveniently arrange fi>r nnmd tlm circumference of tlie ariiiatiirc. 
So tins flux can statul as fixed. As we miticctl earlier, veiililaliori will 
have to be carefully kKjked to, amt on the armature *ilone tiie watts to 
dissipated amount io about (K) \mv ctml of tlit* Pital kiss, assuming 
a total efficiency of 94 jH,T cent, tlie watts to Ik? dissipalcs! total up Iti 15 
K.W., an extravagant amount fiir an armature 30 incht^s by iH inches if riot 
carefully ventilated. We will tlierefore Iiave in uhc? every jxissilde meaiiH 
to ventilate the armature. Ventilating strips will Iiave to Ik? intrt«luced, 
say every i| inch at least, and great attention iinisl he given to their 
design. 'Fhe best tyt>es are those with a gentlya:iirvin|f \’ane, similar to 
fiui vanes, and placed opjHisite evttry slot, as slitavn in fig. 151 H. This 
is a very costly design, but tlie autliors txdieve the ixxtra laist is justificci. 
Tl>e effect of increasing the ventilating spaces is to det?jHni the core, if the 
length of the armature is not to exceed the k?nglh just fixed (and this 
point requires careful thought). If we increase the iiumlK?r of air-spaces, 
we decrease the net length. Idiis wtmld Ik? an advantage as far as sjiark- 
ing is considered, as any decrease in the eml>cdded length of 11 conductor 
tends to decreased reactance; but as it is in our power to obIitc?rate the 
effect of reactance by the judicious use of commutating piles, tliis does not 
matter so much. Again, assuming a greatly det*|K?ned ct»rc?, iIiih would 
tend to restrict ventilation; we have to lH?ar in mind that in no way must 
we constrict the ventilation spaces, but allow a free p»isHagi? to tlic? surface 
of the core. Right-angle bends and constricted o|M?nings, will require 
power to drive the air through them, and some external means rruist be 
employed, such as a fan, which is a disadvantage, as it reciuircs too great 
an expenditure of power fiir the resultant gain. In fig. 151 R are given 
examples of ventilating plates. In the authors* opinion u is the lM?st 
method, the other not being so gotKl. 

The method adopted for bolting the armature to tlie Hpidc?r shoiiki be 
positive. Dove-tail pieces on the core-plates sliould enter similar slots on 
the spider, the whole l>eing bolted together l>y nicissive bolts, llic end 
connections are a matter that must be cartifully looked to. It is a great 
advantage that it is not likely that anything but strip-wound armatures 
will ever be required, and they do not jiresent any great difficulties in 

* For meaning of symliols i«*e chapter on ccmtiriiuiiiii gencRiitiri, piige 132. 
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insulating and binding. The end connections should be brought out over 
an end barrel, this barrel having a slight camber, as shown in fig. i S i S, a 
layer of hard mica being interposed between the upper and lower windings, 
and a tightly-fitting cap drawn over all. This cap should be arranged to 
draw up on the wedge principle. Fig. 1518 shows this method as adopted 
by the authors’ firm. 

Commutator.—We now come to the most difficult part of the armature 
of which to make a satisfactory mechanical job. The maximum velocity 
usually considered good practice in slower-speed machines is about 3500 
feet per minute, but adopting as low a speed as this would mean a commu¬ 
tator of such a length as to be quite out of the question. A velocity of 
5000 feet per minute could be arranged for by a radical change in design, 



Fig. 151T 


and carbon brushes could be used quite satisfactorily at this speed. The 
authors know of machines in which carbon brushes are doing good service 
at 4000 feet per minute; and there is no material reason why brushes of 
suitable quality should not be run perfectly at a velocity of 5000 feet per 
minute The carbon would necessarily be of a graphitic character, and the 
current density would be a little higher than in the ordinary carbon brush. 
The successful running of carbon brushes would depend more on the design 
of the brush-holder than upon the brush itself. The diameter of the 
commutator would be I2| inches, and the collecting length 13 inches. In 
machines of much larger output the commutator might have to be cooled 

fim ISIT different methods of fixing the bars are sketched, and that 
shown at a is a suitable design for very high speed, but they are all good 

^'^°Brush^ear-^A^ before mentioned, a great deal more depends upon the 
design of the brush-holder than upon the brush itself It is imperative that 
the brush must have as little inertia as possible, and must be allowed free 
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radial movement. It must also l>e so placed in the htilcler that binding 
against the sides is an impossibility. The Morgan iViicible ('o., who have 
s{3€nt a great deal of thought upon the matter* have bnniglit out a brush- 
holder which embodies the above conditions to a rerruirkable degree* and is 
working very well at extremely high s|K?eds. At the same time, designers 

a!wa}’s kee|) sim- 
filicity of coiKtriiction 
in tfie foregrouiid, but 
it can i*asily be over¬ 
done .the general 

tendency is to keep 
the brush •» gear as 
siiiiplt* as }MJssible. 
FMd - Mtf n®ts. 

- nuignet design 
luis Innm taken lastly, 
as thert: is no great 
change in tlie ctm- 
struction hirthis tyjKj 
of macliine as com- 
jirired witl'i those used 
fur H!ower-H|X!ed ma¬ 
chines, as will be sexm 
from the tabulated 
figures given of gener¬ 
ator at l\m end of the 
ciiapter; but a brief 
descrijRion of com- 
jamsating devices 
may Ik,! given under 
this head. 

The Deri system 
of comjK*nsation will 
be descrilK.xl, as nearly 
all otlier systems are 
only iiKKlifications of 
this type. ll.ns wind¬ 
ing was jiatented 
alioiit tlie yc.*ir 1H98* 
and to-clay finds 
favour with Continental engineers. Many modifications of this winding 
are in general u.se, and give every satisfaction. In this method of com¬ 
pensation the armature field is balanced, and the commutating field is 
arranged in a similar manner to the inter|K>le method. 

Generally the machine is arranged as follows:— 

The armature is in all resjxjcts similar to the ordinary armature, tliere 
being no special winding placed upon it. The field system, however, is 
totally dififerent to the standard ty^m of machine. In the first place, there 
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► definite poles in which a winding is placed. The field system is to 
pdarances similar to the stator of an alternating-current motor. It is 
Up of punchings with teeth cut in the internal diameter. These teeth 
enly spaced except mid-way between each pole—the neutral position 
TG one tooth is omitted on either side of the central tooth, as shown 
ni fig. 151 u. This tooth acts as the reversing pole for the short¬ 
ed windings. As the armature field is neutralized there can be no 
:ing or demagnetizing force, and the air-gap can be made merely a 
.nical clearance. In the slots on the inner circumference the exciting 
ig’s are placed, and also the windings for neutralizing the armature 
>n. 

le main exciting coils are placed in the larger slots formed by omit- 
tooth. These windings form poles, as shown at P in the diagram, 
51 XJ. Of course it will be understood that the exciting power 
ed will be little as compared with a generator having definite poles, 
ia.cie of different types of material, requiring many ampere turns to 
)m.e the reluctance of joints, large air-gap, and considerable length 
Lg-netic path. In the Deri machine the gap is merely a clearance, 
oiald be as small as yV of ^.n inch per side. Again, the magnetic 
a.re as short as possible, and of the best medium for conveying 
itism. 

le compensating winding consists of a number of conductors distri- 
in the stator slots in a similar manner to the armature windings, 
•turns must equal the armature turns, or rather, the ampere turns 
Tpensation must be slightly greater than the armature turns by that 
It necessary to produce a field of sufficient strength to overcome the 
nee of the short-circuited coil. 

lere will be no other voltage drop on the machine than that produced 
5 ohmic loss. 

le brushes will remain in the same position at all loads. 

; the compensating winding is in series with the armature wind- 
tie field produced will exactly counterbalance the armature field, 
;h.e machine will generate sparklessly no matter what the load 
be. This winding is therefore eminently suited for high-speed 
nes. 

bexnators.—When we come to the design of turbo - alternators, an 
Ly^ new problem has to be faced. All that has been said with regard 
Deities still holds good, and in this particular A.C. and D.C. genera- 
resent the same defects. The points that more particularly interest 
esigner are electrical rather than mechanical. There is, of course, 
choice of speeds with a given frequency than in a D.C. machine, 
lurnber of poles will be either two, four, or six, two-pole machines 
ij.sed for moderate powers, say up to 500 kilowatts, and six-pole 
nes for large powers, say over 2000 kilowatts. The greatest difficulty 
overcome is perhaps voltage regulation. Many methods have been 
ed to this end with excellent results. However, each designer must 
the problem in his own way. There is not much published data to 
a.nd that which there is does not always fit in with the circumstances 
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under consideration. A 500-kilo\vatt soo-voll k'cnc rator will l>e described, 
in which the principal difficulties, and the methods .idopleil to overcome 
thc'in, will be outlined. 

Ilelow is given a table of siK-e<ls and nuinlK'r of poles, from which it 
will bo .seen a large choice is not given to the designer. 


Sl'KKUS oi- Ai.tkunahiks 


Ktb of 

40 - 

50 - 1 


X<», t»f 

!‘oUs. 

40 - 

IJt'J ■* 

(m - 

I’tilrs. 

1,.. 

I " 

511 .. 


2 

2400 

3000 : 

3600 

30 

160 

200 

240 

58 

‘^3 

103 

124 

4 

1200 

1500 ■ 

1800 

3 -* 

1 50 

187 

225 

Oo 

80 

100 

120 

6 

Hoc 

1000 ; 

I 200 

34 

14 t 

I 7O 

2 i t 

Cl 2 

77 

07 

I lO 

8 

600 

750 : 

900 

3b 

*33 

100 

jcm 

04 

75 

04 

1 12 

10 

480 

600 1 

720 

3 « 

120 

158 

igg 

00 

73 

01 

109 

12 

400 

500, 

600 

40 

t JO 

150 

tKo 

(iH 

7 ' 

KK 

i«:jO 

14 

343 i 

4*8: 

5*4 

4* 1 

\ t 14 : 

*43 , 

i * 7 * 

70 : 

Of) 

■ KO 

103 

16 ; 

■^00 1 

375 i 

45 ^ 

44 

tog 

■ 130 . 

103 

« If , 

1 - ] 

07 

H.! ^ 

100 

18 1 

266 ^ 

33.5 1 

400 

4 f. 

I ©4 i 

; 130 ! 

150 

71 

05 

: Ki 

07 

20 


300 j 

360 

4 « 

100 1 

: *^5 1 

150 

70 , 

*»3 ! 

70 

05 

22 ! 

1 21S ' 

^ 273 I 

337 

5° 

i 

: 120 1 

144 

7 « j 

(.1 1 

77 

03 

24 

200 

. 250 j 

300 

53 


**S ^ 

138 

Ho 

60 j 

75 , 

90 

26 

i i 

231 1 

277 

54 

! 

III' 

*33 



28 j 

171 

214 ! 

257 

5^* 

8ti 

f 107 : 


i 

i 





The first thing, then, that must lx; <ii>ne is to fi.v the jK-ripheral s|>t;ed, as 
on this quantity everything deiiends. Should tlie veltH*it>- be kept down, 
say to about 9000 feet {>er minute, it would lx: fituiul impossilde to get on 
a sufficient amount of magnet-winding, and slundd the iM-ripheral velocity 
be taken to the other e.Ntreme, the care which would liave to Ik* taken t«) 
guard against the enormous centrifugal forces that woidd la; set up would 
put this design out of court. 

The velfKities usually adopted He Ijetweeti 12,000 feet i>cr minute 
and 20,000 feet jXir minute, the latter being considered the outside limit. 
A great deal of ingemiitj- has Inxm ex|Jtnided on the design of field- 
magnets. Of course we presume revolving fielil-magnets; but without 
disciLSsing this matter any further, it may here l>e said that the authors 
are of opinion that in small-jwiwered macliiites it is l)etler to adojst 
the core-plate type of magnet frame—that is. a tooth form of magnet 
built up after the manner of a D.C. armature, and fitttsl with exciting 
coils sunk In thc.se slots,—and to a<lopt the tlefinite [«»le tyjK: for larger 
powers. 

In fig. 131V is given a sectional arrangemetit of the al>ove machine, 
and at the end of the chapter arc given the constants an<l sizes of the vari¬ 
ous parts which the reader is asked to consider. 'I’lic peripheral velocity 
was fixed at ii,c)00 feet j>cr minute, and the core-j)latc tyjx; of magnet 
centre decided upon. The reasons which led the authors to adopt it 
were as follows;—It is a fairly simple matter to thoroughly ventilate the 
machine. Ivvery portion of e.xjKwcd surface is bathed in a current of air 
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circulating with a good 
velocity. The air is easily 
introduced into the very 
centre of the machine, 
the magnet plates can 
be put together without 
difficulty and the maxi¬ 
mum strength of the 
material used to overcome 
the centrifugal forces, the 
winding can be fixed in 
the slots without great 
labour and by a simple 
device kept there under 
huge centrifugal forces. It 
is a simj^le matter to fix 
the overhanging ends of 
the winding, and to pro¬ 
tect them from damage. 
The material is known to 
be homogeneous through¬ 
out, and the finished arma¬ 
ture requires very little 
balancing. 

Against these good 
points we have the draw¬ 
back that there is not a 
definite pole. Such being 
the case, it is impossible 
that the E.M.F. curve can 
be sinusoidal. It is also 
difficult to arrange for a 
good shape of excitation 
curve, and it would be 
expected that the curve 
would be a hog-backed 
curve, showing no definite 
knee or bend as in the 
general type. This being 
so, it was thought better 
to let the air-gap play*a 
larger part than ordinarily, 
that is, the air-gap ampere 
turns were made large 
enough to quite obliterate 
the effect of the iron 
ampere turns on the curve, 
and it very nearly approxi- 

VOL. I 
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Fig. 151V.—Section of Turbo-Alternator 
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mates to a straight line. The usually called-for voltage regulation would 
be complied with if the 

No«voltage field A.T. _ ^ 

Full-load armature A.T, 

It will be seen by reference U> tlie tabulated results given l>elow that 
the armature turns {>er phase lire 12. 

A.T. on the armature ^ number of turns in series fjcrr phase x current 
{>er phase ^2 x 1.5. As the rising and falling <»f the ariiiature current 
does not folltnv a true sine wave* the multij.)lier ^2 will lx.* greater, pro¬ 
bably by about 1$ {H-t cent. In fig. 151 w is given the excitation curve of 
the machine, showing the sIoj>e of the curve as compared witli that of a 
slower-si^eed machine. 



1 %. t%i Ciim’Kjf K.V. A. Tiirli*i*Allti?riwi»tr 


500-Kilowatt l‘HHKE4hiASE Alternator 
587 KA^.A. Revolutions, 1500, Number of poles, 4. Volts, 550. 


AnnH?res, 615. Cos .85. 

Outside diameter of stator core 

45 im!hes 

Inside diameter of stator core 

27 » 

Gross length of stator core ... 

27 »» 

Number of ventilators ... 

9 

Size of tiach ventilator . 

*i inch 

Net length of armature 

20.2 inches 

Number of slots 

3 

» n per pole and phase... 

„ „ per phase ... ... . 

12 

Size of slot, 1.625 inch deep x i inch wide 

Conductors |)er slot, 2 made up of 4 copper strips 

Size of .strip, 1.2 x .07 inch 

Total conductors in series per phase 

24 

Length of one turn.. 

2.8 yards 
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Magnet core — 

Length of magnet core . 

Number of ventilators ... * 

Width of each ventilator 

Number of slots ... . 

Number of slots per pole . 

Depth of slots ... . 

Width of slots 

Number of turns per slot . 

Wound, 13 deep and 3 wide 

Size of wire ... ... . 

Total turns on four bobbins. 

Magnetic densities — 

Air-gap ... ... . 

Armature core ... . 

Armature teeth ... . 

Magnet centre 

Coefficient of leakage . 

Copper densities — 

Armature copper ... . 

Magnet copper ... . 

Light load ampere turns on all bobbins 
Armature ampere turns . 


86 inches 
9 

y2 inch 
24 
6 

4 inches 
I inch 
39 

.27 X .25 
468 


46,000 

41,000 

80,000 

127,000 

1.25 


1450 at cos <^> .85 
1800 at cos ^ .85 
9600 
5000 


500-KiLOWATT D.C. Turbo-Generator 
500 volts. 1000 amperes. 1500 revolutions per minute. 4 poles. 


Dimensions 

Armature — 

External diameter ... ... ..; 

... 30 inches 

Internal diameter . 

10 „ 

Gross length. . 

18 „ 

Number of ventilating ducts. 

7 

Width of each duct ... . 

^2 inch 

Net length of core . 

13.1 

Peripheral velocity 

11,800 

Slots — 

Total number ... . 

104 

Depth. 

1.6 

Width. 

.40 

Slot pitch at face ... . 

... .906 

Slot pitch at root . 

.81 

Width of tooth at face . 

.506 

Width of tooth at root ... . 

.41 
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IndMCf(}rs— 

Total number .. 

Number per slot (2 in |>arallel) 

Type of winding 
Size of inductors 

Mean length of one inductor . 

Voltage drtip in armature (cold) 

Voltage drop at brushes 

Internal voltage on load . 

Flux in armature (load) . 

Mean reactance voltage . 

Interpole flux ... 

Cmnmuiatar— 

Outside diameter 

Length over all . 

Rubbing length 

Number of segments.. 

Width of segment and insulation at periphery 
Peripheral velocity 

JBruskis-- 

Number of brush spindles.. 

Brushe.s per spindle ... 

Area of each brush .. 

Contact resistance per square inch ... 

Friction coefficient . 

Pressure per square inch . 

Magnets^ 

Leakage coefficient.. 

Flux in magnets . 

Pole pitch. . 

Pole arc . 

Ratio of pole arc to pole pitch . 

length of air-gap .. 

Net area of pole face.. 

Area of pole core 

Area of yoke.. . 

Size of interpole face. 

Net area of interpole face . 

Size of interpole core.. 

Area of interpole core . 

Flux in interpole core ... . 

Leakage coefficient. 

Shunt windings— 

Size of shunt wire 

Turns per pole .. . 

Mean length of one turn . 

Resistance per pole .. 

Current . 


20S 

nt 

M.C.S. 

.57 X .13 
1.4 yard 

3 VC ills 
**• »» 

530 

10.2 

10.0 

.425 


14 mclies 

21^2 n 

16 

104 

.424 

5500 

4 

ID 

^ H 

.02 ohm 
2,5 lbs. 


* 3*5 ^ 

23.6 inches 
•S3 

.25 inch 

225 square inches 
122 

7 ^ If If 

13.1 X 2 

26.2 square inches 
9 X I 

9 sc|uare inches 
,64 

x -5 


.048 

37 S^ 

1.66 yard 
83 ohms 
1.51 ampere 
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Series windings — 

Size of series strip 
Turns per pole 
Current 
Density 

Interpoles — 

Bobbins per pole 
Turns per bobbin 
Turns per pole 
Size of strip ... 
Current 
Density 

Densities — 

Air-gap (average) 
Pole face 
Pole core 

Yoke. 

Armature core 
Teeth (maximum) 
Teeth (corrected) 
Interpole core 
Interpole face... 


211 


1.5 X .24 

360 amperes 
1000 


4 (in parallel) 

30 

.8 X .15 
II7 amperes 
976 


41.200 
45»3oo 
110,000 
86,600 
46,300 
126,500 
121,000 
71,000 

16.200 


Copper — 

Armature inductors 
Brushes 
Shunt bobbins 
Series „ 
Interpole „ 


1690 amp. per sq. inch 

44-5 
840 
1000 
976 


J> 

)} 

jj jj 

JJ JJ 


Armature — 

Copper, C2R (hot) 
Iron (core) 

Iron (teeth) ... 


Losses 


Total 


Watts per square inch of periphery, 5.0 


3,300 watts 
S> 87 o „ 

6,000 „ 

15,170 „ 


Commutator — 


Brush contact, C2B. ... . 

Friction 

Total 

Watts per square inch of periphery, 4. i 

Main bobbins — 


1,780 watts 
2^[00 „ 


3jB8o 


Shunt, C2R. 753 watts 

Series, CgR losses . 147 ,, 

Total ... ... 90Q „ 

Watts per square inch of periphery, .43 



































212 


CONTINUOUS-CUKKKNT CiEKERATORS 


Inkrpok M^ifinS '— 

C.jR loss (total) .. • 

Watts i)er square inch, .22 


Total, armature losses . iS,ijo watts 

„ commutator losses .. 3,HHo ,, 

„ magnet bobbin losses ... boo ,, 

„ interpole bobbin losses ... .. . ^35 

Friction and windage ... ••• »*■ S,ooo „ 

Total .. 3 It 


Percentage of full load ... 
Efficiency at full load ... 






















4- Alternating-Current Generators 


CHAPTER I 

GENERAL PRINCIPLES 

In alternating-current generators an E.M.F. is induced in the armature 
windings by causing them to cut a magnetic field, the principle being 
exactly the same as in the case of D.C. generators; but whereas in the latter 
case a commutator is required in order to rectify the alternating current 



DEGREES 
Fig. 152 


produced in the armature winding, and to convert it into a continuous 
current before it passes to the external circuit, in the case of the alter¬ 
nator the current as generated in the armature coils is led directly to the 
terminals. 

The necessity of having a commutator makes it necessary, in the case 

21 .S 
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of direct-current machines, that the armature ^lumld be the rotating 
member, the magnets aiui the hruslies l>earing t»n the commutator l>eing 
fixed; in the case of tire alternating-current generator this restrictimi d«res 
not exist, and we are free to make either the magnets or the armature the 
rotating meinlarr. 

There are some obvious advantages attachecl to the plan of making the 
armature stationary: the current can then lx* led tlirectly tt* the outer cir¬ 
cuit without having to pass through any sliding cmitacts; the insulation of 
the coils can also be more easily carried out if thc,v are not subjecteti to any 
centrifugal force. I'hese iK>ints, whilst ahvaj's an advantage, Ixxome of 
p.'iramount imjH>rtance in machines built for a high voltage; and thus we 
find that whilst a continuous-current machine nsiially consiNts of a rotating 



armature and a fixed field-magnet, in the case of alternators the reverse is 
the case, and we more usually find the magnets rotating and the armature 
stationary. 

In the ca.se of continuous-current generators the jstvvrr delivered by 
the machine is obtained by multiplying the current by the M.M.h'. at the 
terminals, but in the case of alternatar.s amrther factvir has to Ire taken into 
account, namely, the phase relation of the current and K.M.h*. In fig. 152 
the current i.s .shown by the line A, the corresponding M.M.I*'. bv ». and 
it can be ea.sily seen that by multiplying together the instantaneous values 
of the current and K.M.F. ■we obtain the instantaneous values of the 
power given out, plotted in the curve €. In this instance the K.M.I-'. and 
the current are in phase; they reach their maximum values at the same 
time, and pass through their zero values at the same time. The mean 
value of the power is obtained by simply multiplying the R.M.S. value 
of the current by the R.M.S. of the K.M.F. In fig. 153 the current (a) 
is shown lagging 90® behind the E.M.P'. (l»), and the change in the character 
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of the power-curve (c) obtained as before by plotting the product of the 
instantaneous values of A and of B, is at once apparent; instead of being 
entirely above the zero line, as in fig. 152, the curve c is now partly above 
and partly below the zero line, showing that the power delivered is at 
some times positive and at others negative, i.e. the generator is at some 

fromT at others absorbing power 

^ When the difference of phase is 90°, the area of curve C below the zero 
line IS equal to the area above this line, showing that over a whole period 
as much power is absorbed from the circuit as is delivered to it; the 
generator would in this case be doing no work, the current being entirelv 
out of phase with the E.M.F. ^ 

By drawing a similar figure with intermediate values of lag, that is 
with the current say 30^ 45°, and 60° out of phase, it will be readily seen 
that the power delivered to the circuit decreases as the 
angle of lag increases, and it can be proved that the ^ 

power delivered to the circuit is obtained by multiply- 
ing the effective current by the effective E.M.F. and 
by cos 0 where 0 is the angle of lag. 

By making different arrangements of the armature / 

coils of a generator and connecting them up suitably, / 

we can make it either into a single-phase or into a 
polyphase alternator. For example, a generator having ' 
all its armature coils connected in series and brought ^ 
out to two terminals will be a single-phase alternator; 
if the coils are divided into two sets, such that the coils 
in each set are 90 electrical degrees apart from those in the other set, 
and each set of coils are connected together and brought out to a pair 
of terminals, we get a two-phase generator. The term “ electrical degree ” 
is a useful one in this connection, and its meaning is as follows:—The 
angular distance from one pole to the next similar pole on the machine 
will vary according to the number of poles on the machine. This angle, 
however, whatever it is in actual geometrical degrees, we always call 360 
electrical degrees; thus the value of any angle on a dynamo in electrical 
degrees is obtained by multiplying the number expressing it in geometrical 
degrees by the number of pairs of poles on the machine. If the machine 
has only one pair of poles, that is, in the case of a two-pole machine, the 
electrical coincide with the actual degrees, and it is therefore usual, in 
diagrams of connections and in explanations of windings involving coils 
displaced through certain angles from one another, to assume a two-pole 
machine for the sake of simplicity. 

In fig. 154 is shown diagrammatically a single-phase alternator. The 
diagram represents a two-pole machine, and the coils are connected in one 
circuit so as to give one alternating current from one pair of terminals. 

In fig. ISS is shown a two-phase, or, as it is sometimes, and with greater 
accuracy, called, a quarter-phase alternator. The two windings are displaced 
through 90° to one another, and thus give two currents which differ in phase 
by 90°. 
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One t>f tlie terniinals in each j.)hase 
ma}’' be ccjimected making 

one common terminal to the twt.i cir¬ 
cuits, as shown in fig. 156; but with 
this arrangement of connectirins the 
current flowing from the common ter¬ 
minal differs in value frtim that at the 
other terminals. Its m;iximum value 
is times as great as the maximum 
vidiies t»f the t»lher currents, and thus 
in a two-pliase s}'slem willi a common 
tcrmin;il the line common tc» the two 
phases must be proportitined to carry 
approximately 1.4 times the current carried by tlie other two lines. 

A three-pha.se generator ma}'be connecteil as represented in fig. 157, 

and tlien consists of three 
se| lara t e ci rcit i t s d isj daced 
from one aiif^tfier by 120 
electriixd degrees. 

IVI ore usually, liowever, 
the circuits are camnecteci 
together, s«) that only three 
terminals and three lines are 
rciiuireil lliis may In: done 
either as slunvn in fig, 158 
and diagrammalically in fig, 
159, wliich is called the 
*star’‘ or **gamma** method 
connection, or the three 
windings may lx? coupled 
together, a.s shown diagram matically in fig. 160, where each forms one 
side of an equilateral triangle. This is called the triangle*’ or delta** 

method of connections. 

In the **star** system of con¬ 
nections the three circuits have 
one common jimction. This is 
frequently called the Htar-fxiint, 
and it will lx? noticed that no 
connection is required to this 
jxiint, as the sum of the cur¬ 
rents flowing to or from it is 
alwaj-s equal to /.cro. This is 
reach!)' seen by plotting three 
sine curves clisjdaced from one 
another by 1 20 degrees, iind find¬ 
ing tile algebraic sum of their 
ordinates at different points. This sum will everywhere Ixi found to be 
7 xro. 
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Fig. 158 

In figs. 152 and 153 the currents and electromotive forces are graphic¬ 
ally represented at each instant, each passing through zero value in the 
positive direction at a certain instant, attaining maximum value a quarter 
period later, and passing through zero in the negative direction at half 
period. If E and C be the maximum values, and if w = 2xfo, and 0 be 
the phase angle of difference between electromotive force and current, 
the values at any time t after E.M.F. passes through zero are 

^ £ sin ft)/ 

^ = C sin (ft)/ — 0). 

Now the mean value of either of them is 2/7r of the maximum value; and 
the effective value, or the root-mean-square (R.M.S.) value, is 1/^2 of 
the maximum value. 

To get the activity of the circuit, or the mean power given to the 
circuit, we have 

ec = EQ. sin co/ sin (co/ — 0) 

'pc 

= [2 sin ft)/. sin (co/ — 0)] 

= [cos 0 — cos (2 ft)/ — 0)] 

Now the mean value of cos (2 co/ — 0 ) over a complete period is obviously 
zero, as the values in the second and third quadrants are negative, and 
neutralize the positive values in the first and fourth quadrants. Hence 
the activity or power in a single phase generator 

P = J EC cos ^ 

= E I cos <py 
where P = watts output, 

E = effective E.M.F. generated in the circuit, 
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I = effective current flowing through the circuit, 
= angle between current and ILM.F. 


In a two-phase generator, where each phase gives an K, M. F. of 
E volts and a current of I amperes, 

P = 2 E I cos ^ 

In a three-phase generator 

P 3 E I cos ^ 


Since, however, the output of a three-phase generator is usually re¬ 
ferred to the terminal E.M. F. and the line current, we obtain the 


following expression— 

P 


A 



rig. t59 


= v^3 X Ii X Ej cos ^ 

To prove this, consider a generator In 
which the three windings are joined at one 
point, and the three collector rings connected 
to the remaining three ends of the winding, 
as fig. 158. In such a system the voltage 
between the extremitie.s of two windings, a.s 
B C, fig. IS 9 , is greater than that generated 
in each phase—that Is, the voltage between 
A B, B C, and C A is greater than Ijetween A D, 
BD, and CD. 

Referring to the diagram we find— 


El = 2 E cos 30 



E 


The current leaving any of the collector rings is the same as flows 
in the windings, thus = I. 

The total power of the three phases is obviously three times as great 
as that of one phase, thus— 

P = 3 X E; I cos ^ 

(<p always referring to the phase relation between current and K.M.F. 
in each phase). 

Inserting in this equation the values of line current and E.M.F., 
that is, substituting for I and E values of and Ej a.s obtained from 
above equations, we get— 

E 

E = 3 X X Ij cos <p = Ej Ij cos ift 
which is the equation given above. 

There are, however, several ways of connecting circuits to c.stablish 
three - phase relation of E.M.F.s, so, for instance, three single - phase 
circuits may be connected as in fig. 160. 

In this case B and c are connected to one collector ring, l) and R 
to another, and F and A to a third. 
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In this case the voltage between each terminal is obviously that of 
each phase, in other words, Ej = E. 

Any current drawn from a collector ring is, however, made up of 
the two currents of adjacent phases, and since the currents generated 




in each phase are displaced from that in the other, the resultant current 
is not the sum of the currents in each phase, that is, not 2x1, but, as 
can be ascertained from the diagram, fig. i6i. 

Ix = V3 I 

Substituting these values the values of and E^, as above, we get 
as before— 

P = 3 X E X I cos ^ 

= 3 X Ej X — cos 0 = .y/3 E, cos 6 
V 3 

Still a third way would be to connect up two windings as in Fig. 162. 

In this case also the power is expressed 

P = >^3 E^ I^cos <p 

But a slightly larger machine is required 
to give the output, as is seen by the follow¬ 
ing reasoning. 

With the same line current, the carrying 
capacity of the wire in each of the two wind¬ 
ings must be the same as for the line current, 
that is, each armature conductor must carry 
amperes. 

Phase AD must be wound for: 

Ead = E + O D volts = E + E sin 30 

= E + l = I.SE 



Hence one \vinding has to be made to give 1.5 E I power and the 
other v'S E I, or both together (1.5 + ./s) E I 

= 3.23 E X I 

\/Vhereas if more favourable windings had been used the joint capacity 
of the three phases would have been 3 x E x I. 
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CHAI»TKR II 


CONSIDERATIONS ENTERING INTO THE DESIGN OF 
alternating-current generators 


As a rule the designer is confronte<l with thw fulltming problem 
To design a generator of specified caim-ity, frct|iit*i)cy, and sjieed, so 
as to give a certain efficiency at the liest jxissible regulation, or of given 
regulation with the highest fxissible efficiency. 

The relation between the nuinter of [mles, the mitnlier of revolu¬ 
tions per minute, and frequency, i.s obviously; » 

,, Revolution.s tier minute I'ole.s 

hrsquency * -x ^ _ 

s=t Revolutions |KJr mimile R_^I'olcs 


The efficiency is dependent upon the 1 ® R in armature and field, 
core loss in armature, and friction and windage loss. 

The regulation depends ujxin the relations lietween armature and 
field magnetomotive force and upon the saturation of the magnetic 
circuit. 

Although elaborate theories have Ixxm worked out, giving in a 
“ready-made” fashion equations which lietermine all these factors, as 
a matter of fact machines are designed almost entirely from e.vjjerience 
with other machines of more or less similar nature. 

The diameter of the armature is often determined quite arliitrarily 
—at least for the first design—by stipulating a given maximum peri¬ 
pheral speed, which experience shaw.s gives gooti results with present 
methods of insulation and mechanical construction. 

So, for instance, we may conclude that it is well to run at a 
peripheral speed of about 6ooo feet jicr minute. 'That would give the 
following diameters for various number of revolutions j>er minute:_ 


Rev. per min. 
100 ... 
300 ... 

600 


Diam. in inches* 
.. 230 

76.6 

38-3 


Rm, imr mill. 

900 ... 

1200 ... 
iBoo ... 


lilmii, in Iticliei, 

25.5 

19.2 

12.8 


Experience shows further that, with a given thickness and kind of 
insulation and a given mechanical construction, the current density in 
the arniature copper should not exceed certain limits. This knowledge, 
then, gives the first approximation to the cross-section of wire to be 
used. This current density is, however, frequently governed by the 
guaranteed losses, but nevertheless for the first design it is wise to 
start out from the current density, Thi.s varies Ixjtween looo and 
3500 amperes per square inch, and largely depends ujxin the voltage and 

The amount of insulation to be allowed around the coils, and between 
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layers of wire in the same coil, varies also very much, depending upon 
voltage and material, and it is quite impossible to lay down definite 
rules; the only safe way for the student is to investigate the practice in 
similar machines which arc a commercial success. 

The core loss can be determined with reasonable accuracy from pre¬ 
liminary tests on the iron used. It must, however, be borne in mind 
that, unless the method of a.ssembling the laminations is correct, the 
eddy current losses may be as great as the true hysteresis losses. 

In modern machinery, however, the eddy losses as a rule are small, 
and may not amount to more than 20 per cent of the hysteresis losses. 

The windage and friction losses are most difficult to estimate. It 
is possible that the.se can be predetermined mathematically with new 
types of machines, but so far it has not been done. The problem is 



Fig Generator, revolving«fi«ild type 


very intricate, to say the least. The manufacturers are, however, able 
to determine this with reasonable accuracy by building machines of 
known ty{>e.s—types which have l)een subjected to extensive tests to 
determine this feature. 

The heating of machines of standard types is fairly uniform, but 
when a departure from these forms is made this is a very uncertain 
feature, depending, as it does, so much on the thoroughness of the 
ventilation and the direction of the fliow of air through the active 
material. The change in shafre of a flange, or the addition of some 
small plate which will alter the direction of the air forced outward by 
centrifugal force, will often cause a machine, in which the rise in tem¬ 
perature was at first excessive, to run as cool as can be desired. For 
machines which have good ventilation it is safe to assume that the re¬ 
volving fields when wound with bare copper will not rise more than 
40“ Centigrade per watt per square inch radiating surface, and 50° when 
wire-wound, while for stationary fields a rise of as much as 80° should 
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be allowed for. The rise in armature winding.s may l>e taken as from 
8o° to 120° per watt jx;r square inch, according to the thickness of the 
insulation, and the rise in the core may Ix: taken as Ixiing about 40° 
per watt per square inch. 

By using these constants an approximate idea of the rising tempera¬ 
ture of any machine may be obtained, subject, of course, to large varia¬ 
tions due to a more or less i)erfect ventilatitm. 

The regulation can be calculated after the design is made and the 
saturation curve plotted, but although the reactance of an arm;iture may 
be predetermined by calculations, these calculations involve the use of so 
many constants which can with certainty lx; determined oidy by c.xjxiri- 
ments, that they can almo.st te said to lx; emjdrica!. It is therefore 
considered best to give specific designs of representative machines of 
the various types, and from them let the student tiraw conclusions as 
to the constants entering. 

Fig. 163 gives a half-tone reproduction of a 300-kilowatt 60-cycle 
single-phase alternator of revolving field type, of tile following constants:— 


Number of poles 

« . 

... ifi 

Kilowatts .. 


... 300 

Revolutions per minute... 


... 4$o 

Terminal volts, full load 


... no 

Amperes, full load 


... ayso 

Peripheral speed, feet per minute 


5650 

Frequency 


... tio 

Armature, diameter at face 


... 4H inches 

External diameter core ... 


... 62 

Internal diameter core. 


53*5 »» 

Ixngth of core between heads ... 

... 

16 „ 

Per cent insulation l>etween sheets 

. .» 

... 10 

Number of ventilating ducts 


5 

Width of each.. 


j4 inch 

Effective length of core 

•.» 

... inches 

Number of slots ... . 


33 

Depth of slot 

*.# 

inches 

Width of slot ... 


... i^linch 

Width of slot at armature face ... 



Minimum width of wide tooth 

««• 

... 6 inches 

Minimum width of narrow tooth 


... 1.14 inch 

Size of conductor . 


... ,45 X .35 sq. inch 

Description of conductor 


... ciilile 

Size insulated conductor 


.485 X .385 8 C|. inch 

Total numl>er of face conductors 


320 

Arrangement of conductors fjer slot 


...3x5 

Number in parallel per slot 


... 1 

Section of series conductor 

»»• 

1.9 si.|iKire inch 

Thickness of wedge . 

.»« 

inch 

Gap, length in centre.* 

... 

3 

*•» i»‘ It 

„ length, maximum ... 

*.» 

„ 

„ bore of field 

... 

4759 inches 
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Pole-piece, length parallel to shaft 

15.5 inches 

,, length of arc, maximum 

6 

,, length of arc, minimum 

3 >» 

Magnet core, length, radial 

6 

„ length parallel to shaft . 

iS-S » 

„ width or diameter ... 

.. 

Spool, length over all . 

6 

„ main conductor, size 

No. 5 B and S 

„ turns in series per spool 

156 

Yoke, outside diameter 

33^ inches 

,, inside diameter 

27.99 „ 

„ thickness 

2-8175.. 

,, length parallel to shaft 

18.5 

Collector, number of rings 

2 

Armature, E.M.F. per circuit, full load ... 

no 

„ E.M.F. per circuit, no load 

100 

„ number of circuits 

16 

„ mean length of turn ... 

48 inches 

,, amperes per square inch conductor ... 

1430 

Main held, total resistance ohms ... 

3-78 

Megalines in armature, full load ... 

4-13 

,, in field, full load 

5-4 

Armature, section, square inches ... 

106 

,, length per pole (magnetic) . 

5 inches 

„ density, full load per square inch 

39,000 

„ ampere turns, per pole, full load 

1700 

Teeth, under one pole-piece 

I 

,, section, square inches 

67 

„ length ... . . 

2j^ inches 

„ density, full load per square inch ... 

62,000 

„ ampere turns, full load ... ... ' 

20 

Gap, section at pole face ... . 

93 square inches 

^ „ length, each side 

.23 inch 

„ pole face density, full load per square inch 

44,500 

„ ampere turns, full load 

3260 

Magnet core, section . 

55 square inches 

„ length . . 

6 inches 

„ density, full load per square inch 

98,000 

,, ampere turns, full load ... 

330 

Yoke section . 

105 square inches 

„ length ... . 

4 inches 

„ density, full load per square inch ... 

51,000 

„ ampere turns, full load 

50 

Total magnetic ampere turns, full load volts 

3720 

Reactions — 


Armature, reactive ampere turns per pole 

1700 

Field ampere turns, no load, no load volts 

3720 

„ ampere turns, full non-inductive load 

4350 

,, ampere turns, full inductive (90°) load 

5420 

VOL. I. 

15 
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losses-- 

Armature, P R Ml load . ... ... 1460 watts 

„ core loss, total full load . 7284 „ 

Main field, P R total full nondnductive load ... 2915 ,, 

Friction and windage . 3000 n 

Total losses, full load . ... ... « 

„ no load .. ... ... 10,4^1 „ 

Full-load efficiency... ... ... 95 • 34 



Hf, x64.”-»Armamrc and Field I’^inchinp of Single* Fha*t CeneMior, rtv»l¥iiig'field typ# 


JBeaiing-- 

Armature coil radiating surface . . ... 4500 sc|iia.re inches 

Watts per square inch ... .. .324 

Degrees C. rise per watt per square inch ... 80 

Degrees C. rise ... ... ... ... 26 
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Heating {eontinued)— 

Armature core radiating surface ... ... ... 12,800 square inches 

Watts per square inch . 

Degrees C. rise per watt per square inch ... 40* 

Degrees C. rise . 23 

Field coil radiating surface . ‘‘‘ 5400 square inches 

Watts per square inch . ^^4 

Degrees C. rise per watt per square inch ... 50 

Degrees C. rise . 27 

Sketches of armature and field punchings of this generator are shown 
in fig. 164. 

Fig. 165 gives a half-tone reproduction of a 90-kilowatt 60-cycle single- 


Fig. 165.—Single-Phase Generator, revolving-armature type 

phase generator of compound ^ype and revolving-armature constructioa 

The principal constants of this machine are:— 


Number of poles . 

8 

Kilowatts. 

90 

Revolutions per minute 

900 

Terminal volts, full load ... 

2300 

Amperes, full load. 

39.1 

Peripheral speed, feet per minute... 

... 5650 

Frequency. 

60 
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Dimensmis — 

Armature, diameter at face 

„ external diameter core... 

„ internal diameter core ... 

„ length of core between heads 
Per cent insulation between sheets 
Number of ventilating ducts 

Width of each . 

Effective length of core 

Number of slots ... . 

Depth of slot ... . 

Width of slot 

Width of slot at armature face 

Maximum width of tooth. 

Minimum „ „ 

Size of conductor ... 

Description of conductor. 

Size insulated conductor ... 

Total number face conductors 
Arrangement of conductors per slot 
Number in parallel per slot 
Section of series conductor 

Thickness of wedge . 

Gap, length in centre . 

„ bore of field. 

Pole-piece, length parallel to shaft 
„ length of arc, maximum 
„ length of arc, minimum 
Magnet core length, radial 

„ length parallel to shaft 

„ width or diameter ... 

Spool, length over all . 

„ main conductor, size 

„ turns in series per spool ... 

Yoke, outside diameter . 

„ inside diameter . 

„ thickness . 

„ length parallel to shaft 
Collector, number of rings 
Armature, E.M.F. per circuit, full load 
,, E.M.F. per circuit, no load 
,, number of circuits 
„ mean length of conductor 


amperes per square inch conductor 2400 


Main field, total resistance... 

Compound field, type 

1, „ number of turns in series 

per spool . 

mean length of turn 

jj ,> total resistance. 

Megalines in armature, full load. 


24 inches 


inch 

8.55 inches 
16 

2^ inches 

5.48 inches — 2.38 inches 
4 » - 1.64 „ 

.0163 square inch 
No. 10 B and S, 2 in multiple 
.112 X .214 square inch 

1280 
4 X 20 


.0326 square inch 

jV inch 
3 

TF 


24^ inches 


No. II B and S, .091 sq. in. 

390 

48 inches 
43 


42 inches 


64 

3.38 feet 
.755 ohm 
2.7 
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Dimensions {continued )—■ 


Megalines in field, full load ... 

3-5 

Armature, section 

49.2 square inches 

„ length (magnetic) per pole 

‘3.02 inches 

„ density, full load per square inch 

54,600 

„ ampere turns, full load . 

31 

Teeth, number under one pole-piece 

I 

„ section... 

34.2 square inches 

„ length. 

2.875 inches 

„ density, full load per square inch 

78,800 

„ ampere turns, full load 

60 

Gap, section at pole-piece 

57 square inches 

„ length, each side , ... 

„ pole face density, full load per square 

inch 

inch . 

47,250 

„ ampere turns, full load ... 

2770 

Magnet core, section ... 

51 square inches 

„ length. 

8^ inches 

„ density, full load per square inch 

68,400 

„ density, no load „ „ 

62,500 

Yoke, section. 

100 square inches 

„ length. 

9 inches 

„ density, full load per square inch 

33,000 

„ ampere turns, full load . 

436 

Total magnetic ampere turns, full load volts 

3220 

Armature, reactive ampere turns per pole ... 

1565 

Field, ampere turns, no-load, no-load volts 

2850 

Field, ampere turns, full non-inductive load 

3900 

Field, ampere turns, full inductive (90°) load 

5612 

Armature, core loss, total full load ... 

4000 watts 

Main field, R total full non-inductive load 

738 „ 

Compound field, R total full load 

478 „ 

Friction and windage 

1000 „ 

Total losses, full load . 

7400 1, 

j, „ no load ... 

5320 » 

Efficiency, full load . 

91.78% 


Sketches of the armature and field punchings of this generator are 
shown in fig. i66. 

For the instruction of the student the principal calculations of the first- 
mentioned machine are given below. 

The relation between E.M.F., flux, frequency, and ampere turns in series 
is expressed as— 

E = 7 r>v/ 2 xMx^x/ 

where E = E.M.F. generated in the winding, 

M = flux per pole in armature, 
n = frequency, 

t = turns in series per circuit in armature. 















I 


DESIGN OF ALTERNATING-CURRENT GENERATORS 229 

In this machine, by substituting proper values in above equation, we 
get— 

no = 4.44 X X —, or M = 4,130,000 

Due to leakage between the field poles, it is necessary to supply a 
higher magnetomotive force than corresponds to this flux, the amount 
varying in different types of machines with the ratio of length of poles to 
the space between them, the length of gap, &c. The “leakage coefficient” 
can be calculated without much difficulty in much the same manner as the 
distribution of currents in multiple circuits. It varies between 10 per cent 



and 30 per cent in revolving field machines of modern construction. As¬ 
suming therefore 30 per cent, we have in the field poles a flux of 5.4 
megalines, in the armature a flux of 4.13 megalines. 

The magnetic density, that is, the flux per square inch cross-section, 
can readily te calculated from the dimensions given; and the corresponding 
magnetomotive force obtained from saturation curves of the magnetic 
material used. 

Fig. 167 gives what might be called standard saturation curves, being 
averages of a number of tests on different kinds of commercial iron and 
steel. The abscissae give the M.M.F. in ampere turns per i inch length of 
magnetic circuit, the ordinates the corresponding density in kilolines per 
square inch. From these curves the necessary no-load M.M.F. is seen to 
be 3720 ampere turns. 

The reactive ampere turns per pole in the armature of a single-phase 
generator may be expressed as the product of current and armature turns 
per pole, thus— 

10 

2720 X = ''700 
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At non-inductive load these ampere turns are demagnetizing in a 
direction at right angles to the field ampere turns, therefore the total 
number of ampere turns at full non-inductive load should be— 

AT = x/(no-load AT)^ -|- (armature reactive AT)^ 

Due to the effect of armature self-induction, however, a greater number 
of ampere turns are required. In this particular type experience has shown 
that a close approximation can be obtained by substituting for the reactive 
ampere turns a synchronous reactance one-third greater, therefore the 
excitation at full non-inductive load should be— 

v/372o2 + (1.33 X 1700? = 4350 

The field excitation at full inductive load is in this particular type the 
sum of no-load ampere turns and armature reaction, or 3720 -f 1700 
= 5420 AT. 

It is possible to calculate this in a more theoretic way, but such in¬ 
vestigations lead to very long and complex equations, involving constants 

which eventually have been 
derived from experiments on 
similar machines. 

Assuming that the in¬ 
ternal reactance, resistance, 
equivalent armature reaction, 
or rather demagnetizing effect 
of the armature M.M.F. and 
the no-load ampere turns are 
known, the resultant M.M.F. 
for any phase relation of cur¬ 
rent and E.M.F. may be obtained graphically as follows:— 

Let, in fig. 168, O E be the E.M.F. at the terminal of the generator; 

O I the phase of current, which in this case is shown lagging behind the 
terminal E.M.F. 

O R is the E.M.F. consumed by the resistance of the armature winding; 

O X the E.M.F. consumed by the reactance of the armature winding, 
and therefore 90° ahead of the current; 

O Z the total E.M.F. consumed in the armature. 

The E.M.F. which must be induced in the armature to give O E at the 
terminal is therefore o E^. 

From the no-load saturation curve is found the M.M.F. O M, which is 
required to give this E.M.F. (o M is obviously 90° ahead of O E^, since the 
M.M.F. is in phase with the flux, and the flux 90° ahead of the E.M.F. 
induced by the flux). 

This M.M.F. O M is the resultant of the field and armature M.M.F., that 
is, of OP and OF. In which case o\p is the M.M.F. of the armature, that 
is, the reactive ampere turns per pole in the armature, which, of course, are 
in phase with the current, and O F the field M.M.F., that is, the number of 
ampere turns necessary to give the proper terminal voltage. 





DESIGN OF alternating-current GENERATORS 231 

The regulation of an alternating-current generator is defined as the 
percentage rise in voltage when full non-inductive load is thrown off at full¬ 
load excitation. It is obvious that this can readily be determined after the 
corresponding field excitation (as given above) and saturation curve are 
detomined. In this case the regulation is seen to be ii per cent 
•r u short-circuiting current, that is, the current flowing in the armature, 
if short-circuited at full-load excitation, is determined in a similar way. In 
that case the armature has to demagnetize the field to such an extent, that 
only the flux required to give sufficient E.M.F. to overcome the internal 
drop IS left. The ratio of short-circuit current to full-load current can 

therefore approximately be expressed as excitation 

Armature reaction 

Neglecting the effect of change in saturation, the relation between 
armature current and terminal voltage at constant field excitation can be 
readily found by the following equation:— 

E = s/(e -j- i r + ^ xy + r i xf 

where E is the no-load E.M.F. corresponding to the field excitation, 
e the terminal voltage, 
i the energy current, 

the wattless current (which is positive if the wattless current is 
lagging, negative if leading), 
r the armature resistance, 

X the armature reactance. 


Neglecting the armature resistance, we find— 

At short circuit when ^ = o and 2 = 0 

IT • E 

E — ox X ^ -T 

h 


Thus, if short-circuiting 
reactance can be obtained. 
The field characteristic of 
the machine which gives the 
relation between terminal vol¬ 
tage and current at constant 
excitation can readily be cal¬ 
culated from the equations 
given above. 

In the case of non-induc¬ 
tive load, negligible armature 
resistance, this relation is ex¬ 
pressed as— 

£2 ^ ^2 + 


which is the equation of an 
ellipse. 


current is known, a value of synchronous 



Fig. 169 
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As an instance:—^The machine given above requires at full load 4350 
ampere turns per pole. Its armature reaction is 1700 ampere turns. Thus, 
short-circuit current at full-load excitation is 2.56 times full-load curren , 

or 2.56 X 2720 = 7000 amperes. n . 4. 

From the no-load saturation curve of the machine, fig. 169, we find tna 
corresponding to 4350 ampere turns is 122 volts; thus 



X = 


122 

7000 


= .0173 ohm 


and 122^ = + P .0003 

Substituting various values for t 
in this equation, and solving same in 
reference to f, we are enabled to plot 
the characteristic curve as given in 

fig. 170. _ 

With a full inductive load it is 
readily proven that the characteristic 
is a straight line, as shown in line C, 
same diagram. 

Corresponding curves for other 
power factors can readily be calculated from the equations given; in 
general, it will be found that as soon as the power factor is less than 80 
per cent, the characteristic approaches cldtely that for full inductive load. 


CHAPTER in 

CALCULATION OF LOSSES AND EFFICIENCY 

Calculatioii of Armature Losses.—The armature has 32 slots, and 
each slot has 2x5 conductors, consisting of pressed cable (to avoid 
eddy losses). A^rea of cable = .45 X .35 = .1575 square inch. Assum- 
ing 75 per cent to be actual copper, this would make an effective area of 
•75 X .1575 = .118 square inch. Mean length of armature turn is 48 
inches. Therefore, the resistance per circuit = .00315 ohm. Amperes 
2720 

per circuit = = 170. PR per circuit = 170^ X .00315 = 91.2 

watts; thus, total PR armature losses = 91.2 x 16 = 1460 watts. 

Core Losses.—As stated above, to determine the hysteresis losses of the 
iron used, it is necessary to test each individual lot. Assuming, however, 
an average hysteresis coefficient of .0033, and with the use of Steinmetz’s 
law, the following curve, giving the relation between watts lost per cubic 
inch of magnetic material at one cycle per second and corresponding 
density, has been plotted. 

Calculatiou of Core Loss in Teeth.— 

Volume of teeth = 3330 cubic inches. B = 62,000 
Volume armature core = 9470 „ B = 39,000 
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Thus, from fig. 171 the watts loss per cubic inch at one cycle are— 
For the teeth = .0127. For core = .0062 

Hysteresis loss, teeth = 3330 x 60 x .0127 = 2540 watts 

Hysteresis loss, core = 9470 x 60 x .0062 = 3530 

Making a total hysteresis loss of 6070 watts. Allowing, as stated above, 
20 per cent for eddy losses, the total core loss would be 7284 watts. 

P R loss in field winding is calculated in exactly the same way as P R 
armature loss. Each spool is wound with 156 turns of No. S B and S 



Fi«. 1 71 

wire. Mean length of turn = 50.5 inches, or 42 feet. Total length of 
turn = 156 X 42 = 655 feet. Wire No. S B and S at 60° C. has a 
resistance of .357 ohm per 1000 feet. 

Thus, resistance per spool = .357 X .655 = .234 ohm, or total resis¬ 
tance of all 16 spools = 3.74 ohms. 

Exciting current = = 27.95 amperes 

PR = 27.95® X 3 - 74 . = 2915 watts 
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Friction and windage are assumed to be I per cent, oi 3000 watts 
Thus, total losses at full load = 1460 -1- 72S4 + 2915 + 3^00, or 14,659* 

Efficiency at full load = ~ 95*34 


CHAPTER IV 

TWO-PHASE GENERATORS 

There need be very little said about the design of this type of 
machine, since it is essentially a single-phase machine with two in¬ 
dependent windings placed 90" apart, that is, the two windings are 
displaced one-half of the distance between one pair of poles. 

In designing such a generator each phase is treated independently, 
that is, for instance, if it is desired to lay out a lOO-kilowatt two-phase 
generator which will give a potential of 2000 volts, each phase is de¬ 
signed for SO kilowatts and 2000 volts, and the determination of flux, 
losses, excitation, &c., is made exactly in the same way as with single¬ 
phase machines. 

In fig. 172 is shown the arrangement of a two-phase inductor alternator 
as commonly constructed. It has two stationary external armatures, 



Fig. 172.—^Two-Phas8 Inductor Alternator 


each having two sets of coils corresponding to each of the two phases. 
Since all poles for each armature have the same magnetic potential, 
the armature coils, as the field sweeps by, are only subjected to a change 
of magnetism corresponding to a given maximum value and zero; thus, 
for a given flux per pole, the E.M.F. induced must be one-half of that 
in an ordinary machine, or vzce versa] twice as large a flux and twice 
as much magnetic material is required for the same armature reaction. 

To reduce the amount to the least possible, and also to reduce the 
eddy losses introduced by pulsations in the main magnetic circuit, 
veiy high densities are usually employed. This obviously requires a 
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large field excitation for the iron part of the magnetic circuit; therefore, 
in order to keep the total M.M.F. as low as possible, the machines are 
usually built with small clearance. 

These generators are often supplied with a switching device by which 
the number of armature conductors per circuit can be varied, and thereby 
the voltage changed. This is somewhat more complicated than by 
changing the field excitation, but it is warranted by the high densities 
employed. 

The field excitation is supplied from a single coil placed between 
the two sets of poles and fastened to the stationary armature structure. 



Fig. *73.—Two*Pha»c Genemtor 


This has the advantage that no moving wires are used, but the disad¬ 
vantage that if the field coils for some reason or other are punctured 
repair is difficult. 

The plant of the Niagara Falls Company offers a good illustration 
of a type of two-phase generator, as is shown in fig. 173. It was built 
and installed by the Westinghouse Company of Pittsburg in 1895, and 
is of the external revolving-field type, having a capacity of 5000 horse¬ 
power. The speed is 250 revolutions per minute, which, with twelve 
poles, gives a frequency of 25 cycles. The outside diameter is ii feet 
10 inches, thus the peripheral speed is extremely high, necessitating 
a very strong and expensive nickel-steel ring for supporting the poles, 
and requiring very careful workmanship in order to secure a balance 
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of the revolving parts. Although the efficiency of these machines is 
high, water cooling becomes a necessity, as the loss on such a large 
unit is about 100 horse-power. The most noticeable electrical feature 
is the high armature reaction employed, so that the regulation of these 
machines permits a rise of 32 per cent in voltage if full non-inductive 
load is removed at full-load field excitation. Later machines, furnished 
by the same company, showed some improvement in the methods ^ of 
carrying off the heat generated. The first radical change in design 
appears in the next addition of generators, furnished by the General 
Electric Company of Schenectady, U.S.A., which, while still holding 
to the original type, have greatly improved electrical constants. The 
regulation, instead of being 32 per cent, is reduced to^ 10 per cent 
through a diminution of the armature reaction accompanied by an in¬ 
crease of flux and field excitation. The full-load efficiency, taken from 
actual test, is 98.2 per cent, which is probably the highest efficiency 
ever attained in an electrical generator. The last step towards the 
present design comes with the substitution of the internal for the ex¬ 
ternal revolving field. This change, while giving machines of the same 
electrical constants, greatly lowers the cost, principally by making un¬ 
necessary the huge nickel-steel revolving ring. It is of interest to 
note that this type has been adopted for the latest extension of this 
company, and orders have already been placed with the General Electric 
Company for three 10,000 horse-power units. 


CHAPTER V 

THREE-PHASE GENERATORS 


By far the greater number of alternating-current generators belong 
to this class, the chief reason for this being that by the use of three- 
phase power a saving in the copper of the transmission line is secured. 
The characteristics of the machines do not differ from those of the 
two-phase type, nor are the methods of calculation of the constants 
different. 

The three windings are displaced in position on armature one-third 
of the distance between two poles of same polarity, that is, two-thirds 
the distance between one set of poles, or 120° in phase. The windings 
are either connected Y or delta. The connection used is immaterial, 
and governed only by the convenience of winding. 

The Y-connection obviously requires less number of conductors of 
larger cross-section than the delta-connection, since, if the line current 
is I amperes, and the potential between any two lines is E volts, each 


E 

winding, in the case of the Y-connected machine, has to give —= volts 

Vs 

and carry the full-line current, whereas, with the delta connection, each 
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phase has to generate the full-line potential, but carries amperes, 
as is shown in figs. 159, 160, and 161. v 3 

As an instance of three-phase generators, we may design a 200- 
kilowatt, so-cycle, 1000 volt, revolving-armature machine as follows:— 
Number of poles, 16, 

Speed, therefore, ^ = 375 revolutions per minute. 


Amperes in line 


watts 


200,000 


= 116. 


X E.M.F. between lines looo x 4^3 
At a peripheral speed of about 5000 feet per minute, which might 
be considered fair for such unit, we find a diameter of 51.4 inches. 
For the sake of convenience we may therefore choose 48 inches dia¬ 
meter. This gives 9.42 inches between poles at armature surface, and 
therefore, if we choose a construction of one slot per pole for each 
phase, a distance between the slots of 3.14 inches. 

Experience has furthermore shown that an armature reaction of 
about 1500 ampere turns per pole in the armature gives good relation 
between regulation and efficiency. The student can easily determine 
these values by assuming different armature reactions and making 
complete designs, which afterwards are compared. 

This determines the number of conductors per slot. 

Assume the armature to be Y-connected; the current per conductor 
is therefore 116 amperes, and, since armature reaction per pole in a 
three-phase machine is expressed as 1.5 x 1 x where t is the 


number of turns per pole, t = --- = 6.1 turns per pole and 

1.5 ^2 X 116 ^ ^ 

phase, or 12.2 conductors. 

Obviously we must choose an even number of conductors per slot, 
therefore we may settle on 12 conductors per slot, which gives a con¬ 
venient grouping of the wires. 

At 2000 amperes per square inch in the armature copper, we would 
require a conductor between No. i and No. 2 B and S gauge-wire. 
No. I B and S would give a current density of 1770 amperes per square 
inch, and No. 2 a current density of 2230 amperes per square inch. 
Both of these are allowable as first approximation, but for the sake 
of higher efficiency we may choose No. i B and S. For mechanical 
reasons this size of wire is too large to handle, so it is advisable to 
substitute four No. 7 B and S wires wound as a double-twin wire. 
Assuming a double cotton covering, the size of this wire would be 
.30 X .30 square inch. The cross-section of copper is the same as No. 
I B and S, or .0656 square inch. Arranging the conductors 2x6, and 
allowing ^-inch insulation all around, and a wedge at the top 

of the slot, we get the size of slot as .8$ inch x 2.25 inches. 

Calculation of Flux.—The number of turns in series per circuit 
= 6 X 16 = 96. Since the machine is Y-connected, each phase gener- 

ates —r- volts. 
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pmf Ht|. In 

38.3 
63.5 

39-4 

91.3 

43-4 


Aiii|j. Tiifiw. j Mntcrkl, 


Thus no-load ampere turns at 1000 volts «■ 4135. Armature reaction 
AR =• v^2 X i.s X 116 X 6 ffl> 1475 jimjjere turns. Therefore the 
amj)cre turns at full non-inductive load 

= ^/ 4 i 3 S® + (••33 X HZS)* ■■ 4540 turns 

The ampere turns at full inductive load ■* 4135 -f 1475 «a $ 610 . The 
no-load voltage corresponding to 4540 amjjere turns is 1075 volts, thus 
regulation = 7.5 per cent. 

Short-circuited current is approximately »■ 3.08 full-load current, 
or 358 amperes. 

Oaloalatioa of Field Winding.—Assuming the exciter voltage to be 60 
volts, it is generally customary to allow 20 fxir cent margin in rheostats; 
thus, 48 volts are available for field, or 3 volts per spool. Assuming that 
we ran the field copper at a density of 1200 am^jeres ()er square inch, it 

would require =» 3.78 square inches copjxir in each spool. 



Section. 



IH«|. tfii' 

lilt. 

Armature core ... ... 

71.2 

S-6 { 

„ teeth . 

43-5 


Pole face . 

69 

•3»2S 

Magnet core 

39 

6 

Yoke or Field Spider ... j 

i 

8i-5 : 

1 

1 

i 

L___ 

3 
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It is customary, when possible, to wind the field with copper strips. 
If the strips are assumed to be .8 inch wide X .06 inch thick, we 

find that there-are required = 79 turns, which, with necessary in¬ 
sulation, will just nicely fill the spool space. Generally two or three 
different sizes have to be tried before the right combination is found. 
Thus we may decide to wind each spool with 79 turns of copper strip 

.8 X .06 square inch. Resistance of all spools in series = 9.3 x -, where 


/ is the length in feet and a = area in square inches, 
of turn is 39 inches. 

.0093 X 79 X 39 X 16 


The mean length 


r = 


= .8546 


12000 X .048 

IR full non-inductive = 57.5 x .855 = 49 volts, PR = 2820 watts 

IR full inductive =71 X .855 = 60.6 volts, PR = 4300 watts 

IR no load = 52.3 x .855 = 44.5 volts, I^R = 2330 watts 

B. Armature Loss.—This is figured in the same way as before and 
calculated to be 2560 watts, the mean length of turn being $6 inches. 

Core Loss.—Calculating the hysteresis loss as before, and adding 30 per 
cent for eddy losses, gives the loss in core to be = 2450 

„ „ teeth = 2160 

4610 

Friction we assume to be 2000 watts, or i per cent. 

Calculation of Eflficiency.—Core loss and friction are practically constant 
at all loads. The field excitation changes somewhat, but not enough to 
materially change the efficiency; so we are safe when assuming it constant 
at the lower outputs. 

Losses at full load 

» ” 

„ /4 » 

)) A » 

Thus efficiency at full load = 


9430 

9430 

9430 

9430 


+ 2560 = 
+ 1440 = 
-f- 640 = 

-f 160 = 


11.990 watts 
10.870 „ 

10.070 „ 

9-590 „ 


load = 

200 

= 94.3 per cent 

211.99 

load = 

ISO 

= 93-4 » 

160.87 

load = 

100 

= 90-75 « 

110.07 

load = 

50 

59-59 

= 83-9 


Effect of High and Low Armature Reaction.—To see more clearly the 
iffect of this, let us assume exactly the same machine as above, but with 
just half the armature reaction—that is, each slot has 2x3 conductors 
nstead of 2 X 6. Size of slot is_ then .85 x i.3S_ square inch. 

The magnetic flux per pole is just double what it was before, or 5.44 

VOL.L 
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in armature and 7.08 in field. For the sake of comparison, we keep the 
densities in the different parts the same. 



Section. 

Lengtli. 

Density. 

Amp. Turns. 

Material. 

Armature core, 

„ teeth, ... 

Pole face, . 

Magnet core,. 

Yoke or Field Spider, 

Sq. In. 

142 

86.4 

141 

79 

163 

Ins. 

5-6 

2 j 4 

•3125 

6 

3 

108 Lines 
per Sq. In. 

38-4 

63 

38.6 

90 

43-5 

25 

20 

3830 

200 

30 

4105 

Laminations 

5J 

15 

15 

Cast-steel 


Armature reaction = 2 X 1.5 x 116 X 3 = 737 ampere turns 
Ampere turns full non-inductive = 4^60 
„ inductive = 4 ^ 4 ^ 

Regulation at full non-inductive load = per cent 

Losses and Efficiency. — Calculating the losses in the same way as 
before, we find that the PR in the field, assuming that the field is wound 
with 79 turns 1.125 X .06 and that the mean length of turn is 63 inches, 

IS 2520 watts. armature, 1830 watts 

Core loss, core, 4770 „ 

„ teeth, 2510 „ ^ 

7280 „ 

Friction, 2000 watts 

Losses at full load = 11800 -h 1830 = 13630, Efficiency = 93 - 7 % 

„ 54^ „ = 11800 + 1030 = 12830, „ = 92-1 » 

„ ^ = 11800 + 458 = 12258, „ = 89.1 „ 

„ „ = 11800 + 114 = 1 1914, » = S0.6 ,, 

The effect of the lower armature reaction is thus: Better regulation, 
greater core loss, thus lower efficiency, and a great deal larger machine, 
which obviously means more expense. 

Fig. 174 shows a favourite type of large three-phase alternators. This 
generator is one of the 3500-kilowatt machines recently built for the 
New York Edison Company. The cut represents it as it appeared in 
the power-house before the assembling had been entirely completed. 
This machine, although rated at 3500 kilowatts, is designed with a 
capacity of practically 5000 kilowatts, this being necessary on account 
of the overload guarantees which were specified. 

As may be seen, this alternator belongs to the class of direct-connected 
machines. It runs at 75 revolutions per minute, and has 40 poles; conse¬ 
quently gives power at 25 cycles per second. The potential is 6600 volts. 
The diameter at the air-gap is 16 feet 8 inches, giving a peripheral speed 
of 3900 feet per minute. The fields are wound with flat copper ribbons, 
and designed with a cross-section of copper such as to give ^ ohm 
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resistance. The full non-inductive load excitation is 300 amperes. The 
armature copper loss is 26.5 kilowatts and the core loss 62 kilowatts; 
therefore the efficiency at full load is 96.7 per cent, at load 92.2 per 
cent, and at load 94.8 per cent. 

One of the most favoured types of alternating - current generators 
developed recently is_that called the “compensated alternator”. These 
Ssnerators are a combination of a regular alternator and a direct-connected 


Fif 174. —Three-Phase Alternator 


exciter, which derives its voltage partly from its own shunt field and partly 
from the reaction of alternating currents of the main alternator on its field. 

Since it is necessary to run the exciter in exact synchronism with the 
alternator itself, direct connection or gearing is required. Consequently, 
as a rule, the cost and the size of the exciter is greater than with the 
ordinary type. The control of potential is practically perfect, hence it 
is possible to design the alternator proper with much higher armature 
reaction than commonly used in hand-regulated alternators. Consequently 
its cost is relatively less; hence the cost of the complete unit will not 
exceed that of the usual combination of an alternator and a belted 
exciter. 

To explain the theory of this method of compounding leads neces¬ 
sarily to somewhat complicated equations—at least if the problem is 
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solved without the use of complex quantities.^ With the use of the latter 
It is, however, relatively easy; and therefore given below:— 

In an alternating-current generator of r ohms internal resistance per 
phase, X ohms reactance per phase, e terminal voltage per phase, and a 
current of i -f amperes, the following relation exists:— 

^0 = -^ + (* + ji-d 

where is the induced E.M.F.—^that is, the no-load E.M.F.—correspond¬ 
ing to the resultant flux due to the combined armature and field excitation. 

As this E.M.F. is 90 degrees behind the magnetism, the resultant 
magnetism can be expressed as follows:— 

M,- = - jke^ = - jk \e -f {i -h (r - jx)] 

The armature M.M.F. is in phase with the resultant current, and can, 
therefore, be expressed as n {i -f — M^. 

Therefore the field excitation, which is the difference between resultant 
magnetization and armature magnetization, is— 

M/ = M,. - = - jke^ - n (i + ji^) = 

i^kr — in — ikx — j \ke + ikr -f- t-^kx -f 4^] 

or the absolute value of My = 

^[4 kr -- i (n + kx)^^ + [ke + irk + 4 
= k^ + (n + kx)^] + + 2ke [irk + ij^ (n + kx)] 

where I = ^i^ + i^ 

Or, since the voltage across the fields is proportional to the M.M.F., we 
can express it as follows:— 

ef =■ a k^ {n -k- kx^^ + k^ 2 ke \irk -f 4 

The voltage across the alternator fields at no load is found by substi¬ 
tuting 1 = 0; thus c/q = ake. Therefore, for a given load I, the 
voltage across the field has to increase from ef^ to ef^ or— 

a [^P \fk^ ^r in -f kx)Y + + 2ke ]^irk -f 4 + kxy^ — ek'l 

and neglecting terms of since the armature resistance is very small 
compared with its reactance, we have— 

e^ = a [yP {fi + kxf ^ 2ke \irk + 4 {n + kx)'\ - ek\ 

in which equation is the direct-current voltage which has to be gener¬ 
ated as the load on the alternator changes, and a the ratio of E.M.F. 
across the fields to the corresponding M.M.F. Also— 

I = >s/P + ii = resultant current per phase of alternator; 
i = energy component of current, 

4 = wattless component of current, 

4 ^ 

= tan CO. Cos co = power factor. 

1 See page 676, vol. xxxvii, ElectHcal World and Engineer for April 21st, 1901, article by Ernst 
J. Berg on “ Compounding of Alternators by Compensating Exciter 
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n equals ratio of the armature reaction expressed in ampere turns to 
the resultant current 

k equals ratio of resultant M.M.F. of field and armature to the corre¬ 
sponding induced E.M.F. 

e equals E.M.F. per phase at terminal of alternator. 

r equals resistance per phase of armature winding 

X equals reactance per phase of armature winding. 

Perfect control of generator voltage requires, therefore, a device which 
gives this value of for any current I, and this E.M.F. should be alge- 
braictilly added to that which the exciter gives at no load on alternator. 

A close approximation to this can be obtained by the arrangement 
invented by Mr. E. W. Rice, jun., which consists of directly connecting, 
gearing, or otherwise operating an exciter synchronously with the gene¬ 
rator, and exciting this exciter by the current of the alternator (with or 
without the use of current transformers). 

It is obvious that an alternating current supplied to such exciter arma¬ 
ture will naagnetize the machine and cause it to give any desired direct- 
current voltage, and that the voltage depends not only upon the magnitude 
of the current, but also upon its phase relation to the field poles. 

In practice, one exciter is often used not only to give the required 
voltage across the alternator fields at no load, but also to increase the 
voltage with the load; part of the M.M.F. is obtained by a shunt field, 
as in a regular direct-current generator, and the increase in voltage with 
the load by the alternating current entering the armature and magnetizing 
its field. 

The M.M.F. of this alternating current is expressed by 
Ma — cl sin (co -b 96) 

and the corresponding voltage as = del cos (co + 0), where c is the 
numerical ratio between the M.M.F. and the current, d is the ratio between 
the E.M.F. and corresponding M.M.F., I is the total current of the alter¬ 
nator, and w is the angle corresponding to the power factor of the load, 

tan m = -4 , ^ is the angle between field poles of alternator and exciter; in 

other words, the angle which has been chosen in displacing the field of the 
exciter to give the best results all round. 

Were it not that even at full non-inductive load the voltage across the 
alternator fields has to be higher than at no load, it would be best not to 
offset the poles of this exciter relative to the poles of the alternator, since 
then with, say, full inductive load the magnetizing effect of the armature 
current is a maximum in one direction and with full condenser load a 
maximum in the other direction, and at non-inductive load no effect takes 
place, which obviously is just what is wanted. Since, however, considerable 
compounding is necessary, even at non-inductive load, the armature has to 
be offset from this position, and thereby the control made less accurate. 
All commercial loads are, however, inductive, and therefore it is not of 
great importance to be able to compound for condenser loads or loads 
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requiring leading current, at least not for such loads of very poor power 
factors. 

Let us assume, for simplicity, that the excitation is obtained by two 


Fig. 175 


exciters, one direct-current generator giving a constant voltage correspond¬ 
ing to the voltage across the^ alternator fields at no load, and the com¬ 
pounding being obtained by another synchronously driven exciter with its 
direct-current circuit connected in series with the main exciter, and its 


Fig. 176 


excitation obtained solely from the alternating current supplied from the 
mam alternator through its armature winding. 

^ The constants of this exciter can be ascertained from the previously- 
given equation by substituting numerical values. 'For instance if it is 
desired that the potential of the alternator shall be exactly the same at no 
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load, full non-inductive load, and a load of 70 per cent power factor, we 
have— 

At full non-inductive load, 

=_f«__ 

a\_\/ Vin + k x)^ + 2k^ elr -- e k] = b cl cos (w + (j>) 

At 70 per cent power factor, 
h = h o) = 4S 

+ 142 {rk + -h kx) ~ ek'\ 

= b cl cos (45 -f (j>) 

To take a numerical example— 

Let ^ = I . I = I . I r = .01 ^ . I ;*;==. 25 ^ 

I . « = 25. a = 1 . b = 1 

Solving these equations in reference to ^ and c, we find— 

^ = 20® c = .128 

By substituting different values of current it will be found that the 
voltage of the alternator remains practically constant for non-inductive 
loads and inductive loads of all power factors. 

_Line_, 



To appreciate what is gained by this control.- we find from the expres¬ 
sion of ef that disregarding the effect of saturation of alternator fields with 
the usual separately excited alternator, the voltage would, for instance, rise 
13 per cent when full non-inductive load was thrown off, would rise 31 per 
















Fig. 178 


cent if the same kilovolt-amperes at 90 per cent power factor were thrown 
off, 40 per cent if same kilovolt-amperes at 70 per cent power factor were 
thrown off, &c.; whereas with the present control, as can be ascertained by 
inserting proper values, the voltage in these cases is constant within a small 
fraction of a per cent 

The practical arrangement of this exciter and alternator is illustrated in 
figs. 175, 176, and the connections are diagrammatically shown in fig. 177. 
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The alternator itself is a standard machine of revolving-field type. The 
exciter armature with commutator is placed on the same shaft as the fields 
of the alternator, and this shaft carries, in addition, two sets of collector 


rings. Depending upon the system used, one set has three or four rings for 
a three-phase and two-phase alternator respectively, which carry the alter¬ 
nating current from the series transformers to the armature winding of the 
exciter. The second set, which has two rings only, carries the direct 
current to the alternator field. This exciter is usually wound for 75 volts, 
which is a convenient voltage, enabling the field spools of the alternators to 
be made of flat copper ribbons. 


The she and character of this exciter is the same as any other directly- 
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connected exciter, and, with the exception of the collector rings, it is a 
standard direct-current generator. 

Fig. 178 shows another form of compensated generator. This differs in 
no essential feature from the other forms, except that its exciter is geared 
instead of direct connected. This allows an increase of speed of the exciter 
with a consequent reduction in the number of poles, which otherwise would 
become prohibitive when used with slow-speed alternators. 


CHAPTER VI 

INDUCTION GENERATORS 

If an induction motor is driven above its synchronous speed, and is 
connected to a supply of alternating current of large enough capacity to 
give the excitation as induction motor, it becomes a generator, generating 
current at the same frequency as the frequency set by the machine supply¬ 
ing excitation; therefore such a generator is not a self-contained unit, but 



will always require a synchronous machine as exciter. This type has some 
advantages over the ordinary alternator in the fact that the revolving part 
can be made of very simple mechanical construction, as, for instance, a 
squirrel cage winding, and therefore permit of being rotated at very high 
speeds—speeds which would not be considered safe if the ordinary 
tributed winding was employed. On the other hand, it does not permit of 
any convenient method of potential control, and requires an alternator of 
from 20 to 50 per cent of its capacity as an exciter. This does not mean, 
however, that an induction generator requires in power 20 to 50 per cent 
for excitation, but only in capacity of exciter, since the current taken for 
excitation is largely wattless. 
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In order to rcKulutc fairly it uHi?.t have larj'e en..ui;}i .-k* iter, so that not 
only the excitation, but also the drop in vultaj^e in the ni.ohine is taken 
care of. The reactance of such an induction generator is hioh. m. that with 
la|f' 4 ing load the voltage tends l«j drop very tjuickly. 

'Assuming, therefore, that a certain induction generator is exdtid from 
an alternating-current generator ot 3*^^ l**^’ '** **' •*' 

almost all cases it will Ixt necessary t.» vary the \oU.ige on the exciting 
alternator more than text }H;r cent with the toaii on the indmtiou gciter- 

ator, ^ ^ 

Characteristic curves of siurli a iiiarhiiie are given in fig. l/y. 


CHAPTER VII 

INVERTED CONVERTERS AND i'HIDIIIJvCIiliREHT 
CENKRATDRS 

These types of alternators are. in their general a{i|ic*iraiice» very inttch 
like the regular rotary converters, tliat is, they cnnsisi r^»-ieiiii*tlly of a 
direct-current generator with two or more ctillerii^r tajii»e«l lit 
points on the armature wiring. The electrical coiHianlH, luai'ever, arc tjiiitc 
different in the two. since in the inverteti converter, wliicli receives direct 
current and supplies alternating current llie rcHiiItaiit ciirrrril is le^in ihaii 
that in a double-current generator, <iue to the interaction «4’ the i'‘inreiils in 
the armature windings, and therefore lire si/.e wire usetl for *i given oulfint 
is smaller. Its armature reaction is also usually dtn'idrdly greater anil ili 
speed higher. 

The double-current generator, wlucli is a inacliine t*illed to delivTT 
its full output in direct or alternating current, tir in Iwiih simiiliaiieoiislyi 
must be so designed that it will carry its load iimli'r each coridilititi willioul 
undue heating. Since there is no com}H'*nsaliiiit IkUween a.Ilernaliiig and 
direct currents in the winding, the resistance «if the coiniinilator coil, as well 
as the armature reaction, must l'>e made low. 'Ilie resiili of this is itial, m 
a rule, the double-current generator is <lecidedly larger and iiitire exjieiiHive 
than the inverted converter. 

Usually these converters are built fur hiw frecjucair}% since with loiv 
frequency the electrical constants become more favoiir;tlile, A riiiiiiber tif 
inverted converters have been made, however, for as high fi'ei|iiiiii'y as. cci 
cycles, and have proved satisfactory. 

The ratio between the direct- and altcrnatingaairreril vidlagct of such a 
machine depends upon the sy.stem, tliat is, the kind of aheriialing ciirrenl 
taken out, whether it is two-phase, tlirce-|)lnMse, singleqili.ise, llie s!i;i|m* 
of the pole-pieces, particularly the ratit> hetwecui widlli of |■w»Ie to llie 
distance between the poles, the resistance llu* wiiuliiig, ami iii'Min llie 
position in which the brushes are. 

With the average design of macliines. that is, with {Mile aircs of ailnjiit 
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65 to 75 Ptii’ cent of the pole pitch, the average ratios at no load are as 

follows:— 


Continuous current . 

100 

Single-phase „ . 

71.5 

Two-phase „ . 

71.5 

Three-phase „ . 

61 

Six-phase, Y or delta . 

61 

Six-phase, diametrical connection 

71.5 


In tlic inverted converter, as the load increases the ratio changes, 
so tliat at full load, in a machine of average design, it would be: 


Continuous current . 

Single-phase „ .. 

Two-phase „ .. 

Three-phase „ . 

Six-phase, Y or delta . 

Six»phase, diametrical connection 


100 

70-5 

70.5 

60 

59-5 

70 


Due to tlie com{>ensating effect of alternating and direct currents 
in such a converter, the ratio between the output of a direct-current 
machine and a converter of the same size and speed is as follows:— 


Continuous current generator ... 

... 100 

Single-phase converter ... 

... 35 

Two-phase „ . 

... 164 

Thrce»pha.S(i „ . 

... 134 

Six-phase „ . 

... 196 


It must te iHirnc in mind, however, that this increase in output with 
multi-j)h:iHe converters over that as direct-current generator, can only be 
c<ninted on if the alternating-current load is non-inductive. With an 
inductive load, the compensation of alternating and direct currents is 
not so marked, so that, even with a load of about 85 per cent power 
factor, the lieating is almost the same as direct-current generator or as 
converter. This means that often there is but a slight change in design 
}K:twet!ri an inverted converter and a double-current generator if they are 
<iperated at the same speed. Most frequently, however, the inverted con¬ 
verter is run at a higher speed, since it does not require any belts, and 
its s|)i:cd is not limited by that of the steam-engine; therefore its size 
and cost are less. 

The larger the number of phases the better is the compensation 
l>i?tween alternating and direct current, and therefore the less heating 
for the same c)ut|)ut is obtained. Consequently these machines are 
frequently made of six-phase design, which, however, has the dis¬ 
advantage that it requires six collector rings. 

W'heii used as converters proper, that is, when converting alternating 
to direct current, there are more reasons for making the machine of six- 
rather than two- or three-phase design, since with a six-phase connection 
their stability is increased, that is, they have less tendency to hunt. 

When oj>crated as inverted converters, that is, from the direct-current 
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silk:, tliere Is rarely any tendency to hunt, therefore three-phase inverted 
cfiiiverters are frequently used for units, which would be designed as six- 
iinichiiieH if they were to be used as straight converters. 

Ill fig. I Ho are given a number of transformer connections used in 

|iractit:e. 

I he double-current generators are usually designed with direct-current 
field, so that when they are operated as direct-current machines 

they will conipoiind. 

Iiivertecl converters are usually designed as shunt machines only, 
and as in the aisc all direct-current motors, it is very essential that 
all jirtfcaiitioiis are taken so that the field circuit cannot be broken. 
Ill a direct-current motor, if the field breaks, the motor will run away; 
bill ^ince iiHually tlic motor i.s belted or direct connected to some load, 
it cannot, as a rule, reach high enough speed to fly to pieces, whereas 
with inverted converters, which have no load, in a few seconds' time, 
if the field breaks, it will reach such a speed as to burst, due to centri¬ 
fugal ftirce. 1 hey are therefore frequently equipped with automatic 
circiiil breakers, which cut off the current in case of an accident, and 
also wiili a centrifugal device, or .some kind of a magnetic device, 
wliich ojiens the circuit-breakers when the speed increases a certain 
iiincmnt 


CHAPTER Vni 

SELF-EXCITED ALTERNATORS 

Recently a great deal has been published about various types of 
self-exciting alternators, notably the Heyland motor used as generator, 
llterefore, altliough they have not as yet been brought into general 
ccunniercial use, it is advisable to say a few words about them. 

'fhe claim for the Heyland motor is that it can give its output at 
|)r;Hlit"alIy icx) per cent power factor. This is accomplished by supply¬ 
ing the: secondary of such an induction motor with currents from the 
priinary, wliich currents are led in to the proper points of the secondary 
winding by means of brushes. The original design of such secondary 
wan to use a .squirrel -cage armature with high-resistance end-rings. 
L;ili!r on it was proposed to cut the end-ring into sections and join 
tile secticais by higli- resistance windings. The latest modification is 
the use of a regular winding with a commutator in connection with a 
sijiiirrd-cage winding of the usual type. 

The excitation is supplied at low voltage to these brushes instead 
ijf at the: higii voltage of the primary, as in the case of the ordinary 
iiiiilor. The reason why only a relatively low voltage is required, and 
tiiereforc a low numl:>cr of volt amperes, is that the secondary wind¬ 
ing offers very low reactance to the current, since connected in multiple 
with it h a short-circuited winding. 
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has been removed from the poles. Fig. 187, the corresponding EMF 
iKitween teaser and main. Fig. 188 shows the E.M.F. between the mains 
at full non-inductive load without chamfered poles, and fig. 189 the 
corre.sponding E.M.F. between teaser and main. 



In looking over thc.se curves it is of interest to see, first, that the 
effect of chamfering the poles is very marked indeed on the wave shape; 
anti second, tliat its shape is not greatly changed with the load, but 



■4 (5 H 16 12 i4 iS 18 2 4 6 8 10 12 14 16 18 

Fig. 184 Fig. i8s 


that what change has occurred makes it conform more closely to the 
true sine curve. 

Parallel Operation of Alternators. — Recently a great deal has been 
published about parallel operation of alternating-current generators, par- 
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ticularly when directly connected to steam-engines of low speed. As 
a matter of fact, very little was known about any difficulty in parallel 
operation until this class of service was introduced. 

With belted units it is safe to say that any type of alternators will 
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with in keeping machines in step. It was found that frequently the 
machines would run satisfactorily in multiple for a few minutes and 
tlicn gradually a cross-current would appear, which increased until it 
re«iched such \alues that it became prohibitive or the machines dropped 
out of ste[), In\ariably this difficulty has been overcome by improving 
the regulation of the steam-engine so as not to permit of rapid fluctua- 
tiims of sjMjed. 

As is known, two alternators in parallel will distribute the power 
delivered in proportion to the power given them by the steam-engine, 
that is. in projmrtion to the steam admitted to the cylinders. There¬ 
fore, if the governing device is very sensitive, so that the slightest change 
of siK:ed will effect a sudden ojjening or sudden closing of the valves 
or change of cut-off, one engine will rob the other and a “see-sawing" 
will Ijo initiated. I'he remedy, of course, is to make the dashpots of 
the governing device sluggish, so that this “see-sawing” effect cannot 
take place. 

On the other hand, it i.s desirable, for other reasons, that the govern¬ 
ing device is not sluggish, .so that in case of a sudden relief of all load 
the siK.a;«l of the engine will not reach prohibitive values. To effect 
this, com{>ound dashpots of various construction have been designed. 

Kurojiean practice is to build alternators intended for direct connec¬ 
tion with l.e Wane’s amortisseurs, that is, with short-circuited windings 
in the poles, and even in the interpolar space. This winding tends to 
prevent the .alternators from hunting; at the same time it involves some 
loss of energy. 

The effect of high or low armature reaction on the parallel operation 
of alternator." is not so important as might be thought. The lower the 
armature reactitm the greater the synchronizing power. At the same 
time the larger cross-current will flow for a given variation in speed, 
thiit is, for a given variation in the angular velocity of the steam- 
engine. 

Jutiging from exj>erience, it is not advisable, therefore, to have ma¬ 
chines of too low armature reaction; and, on the other hand, it is not 
well ti» have the armature reaction too high. Under average conditions 
it woukl seem as though the regulation should be made from 6 to lo 
{>er cent, that is, the armature reaction so proportioned that, when full 
non-inductive load is suddenly removed from the machine with full¬ 
load (.‘.^citation, the voltage .shall not rise more than 6 to lo per cent 
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CHAPTER IX 

MOTOR GENERATORS AND ROTARY CONVERTERS 

If a continuous-current generator as described in the last article be 
directly coupled to an alternating-current motor, we will obviously have 
a piece of apparatus capable of taking alternating current from the supply 
mains and delivering instead continuous current. 

The properties of alternating currents and alternating-current genera¬ 
tors make them specially suitable for the transmission of power to consider¬ 
able distances, whilst for many purposes, e.g. tramway work, motors for use 
in workshops and factories, &c., continuous-current motors have hitherto 
been considered the most suitable; hence there arises a need for machinery 
such as that described above, which can take from the mains energy 
supplied as alternating current and deliver it as continuous current. Tlie 
energy is usually generated in one or more large station.s, is transmitted 
as high-tension alternating current to sub-stations, in which is placctl the 
transforming apparatus by means of which it is converted into continuous 
current for use in the immediate vicinity of the sub-station. 

The apparatus used for this purpose is capable of various modifica¬ 
tions, but it usually consists of either a “rotary converter” or a “motor 
generator ”. 

The latter is perhaps the simplest in its theory, and, as its name implies, 
consists of an alternating-current motor directly coupled to a continuous- 
current generator. The motor may be either a synchronous or an induc¬ 
tion motor, and it is quite common to see both types installed in the .same 
sub-station. 

The rotary converter consists of a machine very similar in construction 
to an ordinary continuous-current generator, but with the addition of slip- 
rings such as are provided on alternating-current machinery. The arma¬ 
ture is wound with the ordinary continuous-current winding, but at eejui- 
distant points of the winding, tappings are taken off to slip-rings; the 
number of slip-rings provided is usually three or six. The alternating- 
current supply is led into these slip-rings, and continuous curremt is 
collected at the commutator. 

Present practice in the matter of sub-stations is not at all uniform, and 
even on the same system “rotary converters” and motor generators, witft 
induction and with synchronous motors, are frequently put down side by 
side. Still greater is the divergence in the methods of using the api)aratus, 
and in the starting and controlling gear. 

If motor generators are used, it is possible to wind the motor for the 
high voltage of supply and to connect it directly to the bus-bars. The 
continuous-current generator is, on the contrary, wound for a comparatively 
low voltage, which it supplies directly to the low-tension mains. Thu.s on 
many tramway systems the voltage of supply is about 6000 volts, wlu'le 
the continuous-current system is worked about 500 volts. There i.s no 
difficulty in building motors, whether induction motor or synchronous, to 
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run on a 6000-volt circuit. If, however, rotary converters are used, as there 
is only one winding which is common both to the alternating and the 
continuous-current system, no such range of voltage variation is possible. 
The ratio of the alternating-current voltage to continuous-current voltage 
is fixed within narrow limits by the construction of the machine, and it is 
therefore essential to use static transformers, which take the current at the 
high voltage of supply and transform it to a suitable voltage before delivery 
to the slip-rings of the rotary. The cheaper first cost of the rotary con¬ 
verter (consisting of one machine instead of two) is thus to a certain extent 
set off by the necessity for using static transformers. 

It is, however, in the methods of starting the machinery to work, and in 
the different ways of regulating the voltage at the continuous-current end, 
that the greatest divergences of practice are to be found. 

In sub-stations forming part of a large system the continuous-current 
mains are probably always kept live, that is to say, some of the machines 
are always kept running, and continuous current is always available to start 
the rotaries or motor generators. In this case the starting up is frequently 
done from the continuous-current side, that is, the continuous-current 
generator is temporarily used as a motor. It is connected through a start¬ 
ing resistance to the continuous-current mains, the starting resistance is 
gradually cut out, and when the set has got up to normal speed the 
switches are closed which connect the slip-rings to the high-tension bus¬ 
bars. In the case of rotary converters and of synchronous motors it is, 
however, necessary to see that they are in synchronism before they are 
switched on. They must be treated in exactly the same way as alter¬ 
nators . which are being put into parallel. 

It will, however, be observed that if any break-down occurs involving 
the temporary stoppage of all the machinery, this method is not available, 
the supply of continuous current having been temporarily stopped; and in 
order that the sub-station may be able to start up again under these cir¬ 
cumstances, it is necessary that some at least of the machines may be able 
to start from the high-tension alternating side. This is easily arranged for 
in the case of motor generators driven by induction motors. These can be 
started either by means of auto-starters, that is, small transformers which 
reduce the voltage and therefore the high starting current which the motor 
would otherwise take from the mains, or the rotor may be provided with 
slip-rings and starting resistances in the usual way. This latter method 
requires a smaller starting current, a point which is frequently of great 
importance. On the other hand, it requires brushes and slip-rings on the 
rotor, and does away with the simplicity of a motor connected directly to 
the mains and operating without any moving contacts whatever. 

The rotary converter also can be started directly from the alternating- 
current mains. In order, however, to avoid excessive starting current, it is 
necessary to reduce the voltage at starting. This is usually done by having 
tappings on the transformer seconda^, which give a suitable starting 
voltage. In the case of large rotaries it is more usual to provide a small 
induction motor directly coupled to the machine to run it up to synchron¬ 
ism before it is switched on to the mains. When rotaries are started up by 
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either of these methods, the friction of the bearings is of course a very 
important part of the force to be overcome, and in order to reduce the 
starting current to a minimum, rotaries have recently in some cases been 
fitted with ball-bearings. 

The synchronous motor cannot be started directly from the alternating- 
current end except it be provided with some arrangement on the field- 
magnets, which will during the starting period cause it to work as an 
induction motor. Even with this added complication the motor takes a 
very considerable starting current from the mains, and the more usual 
method is either to start from the continuous-current end, or to provide 
a small induction motor to run up the set to synchronism, as already 
described in the case of the rotary. 

The voltage regulation is perfectly simple in the case of motor genera¬ 
tors. The continuous-current machine is independent, and driven at 
practically a constant speed; it may therefore be a simple shunt-machine 
provided with hand regulation in the shunt circuit, or it may be a com¬ 
pound wound generator; in fact, the voltage regulation is carried out 
exactly as it would be on an engine-driven generator. 

The case of the rotary is quite different. The ratio of direct-current 
voltage to alternating-current is fixed by the construction of the machine, 
and can only be varied by means of shunt resistance if a certain amount of 
self-induction is introduced in the mains between the high-tension bus-bars 
and the slip-rings. This may be done either by constructing the trans¬ 
formers so that they have considerable self-induction, or by introducing an 
inductive resistance between the transformers and the slip-rings. 

Another method adopted to vary the direct-current voltage on a rotary 
is to provide different tappings on the secondaries of the transformers, so 
that the alternating voltage at the slip-rings may be varied, and thus vary 
the commutator voltage. The same result can be obtained by coupling to 
the rotary a small alternating-current booster. The voltage of this can be 
altered by shunt-regulation, and the voltage of supply is thus under control. 

It will be seen from the above that by the time the rotary converter has 
been supplied with the necessary static transformers, and with one or other 
of the necessary devices to give control of the voltage, it has lost much of 
its initial simplicity. 

Whilst rotary converters have been very extensively used on the 
Continent and America, they have been less frequently installed in Great 
Britain, partly on account of the need of accessories, but chiefly from the 
opinion held by many engineers in this country, that the rotary is a less 
stable machine than the motor generator, that is, that it is more liable to 
surge and to fall out of step with the generators. 

Another combination of machines used for the purpose of-transforming 
from continuous to alternating current has lately come to the front in Great 
Britain. It has been called a motor converter, and is really a combina¬ 
tion of the rotary converter and the motor generator. It consists of a 
continuous - current generator driven by an induction motor, but the 
machines instead of being merely mechanically coupled are also inter¬ 
connected electrically, tappings being taken from equidistant points of the 
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continuous-current winding and connected to the rotor winding of the 
induction motor. This arrangement resembles the coupling of two induc¬ 
tion motors in “ cascade ”, that is, feeding the stator of one motor with 
current generated in the rotor of the other, and the behaviour of this class 
of apparatus is naturally intermediate between that of the rotary converter 
and the motor generator driven by an induction motor. 

The consideration of the effect of these different kinds of apparatus on 
the power factor of the central station is of importance. When rotary 
converters or synchronous motor generators are used, the power factor is 
under control, and can be varied by varying the excitation, so that the 
current can be 'made to be exactly in phase with the E.M.F. or even be 
made to. lead. This is a very desirable feature, as it may materially 
improve the regulation of the generating sets. 

This feature is not present in the case of the motor generator with 
induction motor, nor in the motor converter. 








5- The Continuous-Current Motor 


CHAPTER I 

DESIGN OF THE ELECTRIC MOTOR 

General Principles.—The continuous - current electric motor has be¬ 
come a recognized factor in modern mechanical engineering, fulfilling 
with pre-eminent success all the functions of the gas- and steam-engine 
in the driving of factories, machine-shops, printing-presses, and isolated 
machinery. And further, it has rendered commercially possible many 
mechanical processes which were difficult or impossible with other driv¬ 
ing power. This success lies in the principles upon which the design, 
construction, and working of the motor depend. 

The function of the electric motor is to convert electric into me¬ 
chanical power. It is therefore the converse of the dynamo, and 
although the general principles of the electric and magnetic design of 
the two are identical, the constructional details necessarily vary to suit 
the different purposes for which each is used. In extreme cases there 
may be marked differences, even sufficient to prevent reversibility, i.e. 
motors specially designed for traction purposes, for example, would be 
useless as dynamos, although ordinarily designed dynamos generally 
make excellent motors. 

A dynamo is usually placed in a specially arranged engine-room. It 
is driven at a more or less constant speed in one direction, and is re¬ 
quired to give varying current at a constant pressure. Moreover, the 
load is usually maintained within well-defined limits, and is not sub¬ 
ject to sudden or large variations. 

A motor is placed necessarily close to the work it has to do, and is 
frequently in a position presenting one or more difficulties—it may be 
exposed to dust or to the weather, be near to inflammable material, or 
liable to accidental damage, &c. The work it has to do is generally 
not controlled by any special arrangement, and so may greatly exceed 
the designed maximum for shorter or longer periods. And the pres¬ 
sure of supply is not always constant, and frequently has to be varied 
within wide limits to enable the motor to perform its work, for the 
speed of the driven machines is often variable, and sometimes changes 
rapidly. Further, the motor may be required to run with equal facility 
in both directions. These conditions require special designing of the 
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electric, magnetic, and mechanical details, and may sometimes involve 
complicated switching and regulating devices. , 

It is also clear that the commercial “rating of a motor will be 
very different from that of a dynamo of similar over-all dimensions and 

equal weight. , 

Classes of Motors.—There are three mam classes of motors. ihe 

first is adapted for driving fixed machinery, and is chiefly shunt wound; 
the second is the traction type, and is series wound; the third is used 
for lifts, cranes, &c., and is usually compound wound. 

Fuadamental Principles and Equations.—The principles of the magnetic 
circuit of a dynamo have already been fully discussed in the chapter 
on the dynamo. The methods of determining the ampere turns on 
armature and field-magnets have also been described, and there is no 
need to recapitulate them here; but it should be noted that the total 
E.M.F. of the motor armature is less than that of the applied .pressure 
by the number of volts lost over the armature, and the field-windings, 
if they be in series with the armature. 

Thus if E be the pressure of supply, Ca, the back electromotive force 
of the armature will be given for a series motor by the equation— 

= E - i(ra -i- r/) .(l) 


This equation is important, as the number of revolutions per minute 
of the armature vary with the back E.M.F. and not with the terminal 
pressure. 

The fundamental equation connecting the chief variables and con¬ 
stants for a motor of any number of poles may be writteri— 

= Z„ N„ « .(2) 

Where = The number of turns counted all round the armature. 

Na = The number of lines of force from one pair of poles 
in the field-magnets. 

n = The number of revolutions per minute. 


In a motor the torque on the armature shaft is a chief point in the 
design, but especially in the traction type, for the acceleration of the 
load to be moved depends directly upon this factor. The torque equa¬ 
tion therefore requires special consideration. This may be written— 


Torque in Ib.-ft. = ^ . 

852.3 X 10 


... ( 3 ) 


4 being the‘armature current in amperes. 

This shows the torque is directly proportional to the product of 
the number of turns of wire, the magnetic flux, and the armature current, 
all expressed in proper units. Since the armature turns are fixed for 
a given design the torque varies as the product of the current and the 
magnetic flux, and it is possible to vary the torque by the armature 
current or by the magnetic flux, or by both in any proportions. 
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In the series motor both these quantities vary together, but owing 
to the slope of the magnetic induction curves for iron and steel, the 
increments of magnetic flux are for low degrees of magnetization much 
more rapid than the corresponding increments of exciting current; 
while after the knee of the curve is passed the magnetic flux is practi¬ 
cally constant, and the torque simply increases with the rurrent. 

This important feature has special bearing on the design of traction 
motors, and mainly determines the cross-section of the field-magnet 
cores for a given specification. 

In shunt motors, since the field excitation is constant the torque 
varies directly with the armature current, if the reactions be neglected. 
In compound - wound motors, with the series coils arranged to assist 
the shunt winding, a combination of the two effects is obtained which 
is specially useful in lift motors requiring rapid acceleration at starting 
with constant speed after the maximum revolutions per minute are 
attained. Lift motors are frequently wound in compound, the series 
coils being short circuited after the normal full-speed is attained. In 
some recent electric lifts shunt motors are used because the control gear is 
simplified thereby. 

Output of Motors. — The law of the magnetic circuit has been stated 
in detail in the chapter on the dynamo, and its application in design¬ 
ing machines to fulfil definite specifications has been fully developed 
therein. 

The principles governing the design and construction of a motor 
are essentially the same, due regard being given to the special require¬ 
ments of the power problem. 

The output of a motor depends theoretically on the length and 
diameter of the armature, speed of rotation, and the density of the 
magnetic flux. But practically the output for given windings, field- 
magnets, and armature depends on the sparking and heating limits, 
and as soon as one of these is reached the maximum working load is 
obtained, and the motor is ‘"rated” accordingly. 

Armature reactions have already been discussed in the dynamo 
section. For a further study I would refer the reader to a book by 
C. C. Hawkins, entitled The Theory of Com 7 nutation, which is the 
most exhaustive treatise on this complex subject. It contains many 
practical as well as theoretical deductions, and is amply illustrated 
with diagrams and tests. • 

Modern motors are so designed that the heating limit is reached 
” before the sparking limit. Indeed many of the best motors will carry 
a temporary overload of 100 per cent without serious sparking. The 
heating limit is therefore the chief factor in “rating” motors, and pre¬ 
sents some difficulty unless a strict specification be adhered to; and 
obviously the specification requires to be adapted to the special class 
of work for which the motor is required. 

For example, a traction motor is usually defined to give a certain 
load at a certain number of revolutions per minute for one hour with 
a maximum rise of temperature, at any accessible part of the armature 
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or interior of the casing, not exceeding 75° C., the rise of temperature 
being measured by a thermometer, say one minute after stopping, and 
the inspection-covers being kept closed until the end of this period. 

This high rise of temperature is never obtained in general working, 
and is permissible only with a motor used intermittently with varying 
loads and frequent stops. A stationary motor running continuously 
should be “ rated ” with a much lower temperature rise, or the insulation 
would soon char and the windings would burn out. The general limit 
for motors of this type is from 21° C. to 27° C; but this requires to be 
varied to suit the average temperature of the site in which the motor 
is to work. A motor driving scrapers on the top of an economizer, for 
example, would probably be subjected to a higher normal temperature 
than a motor driving shafting in a factory, and hence would require to 
be rated at a lower power. 

The rise of temperature is also affected very considerably by the 
ventilation of the site of the motor, and it is found that much better 
results as regards output and efficiency are obtainable with a given 
motor in a well-ventilated position than in a confined space with little 
or no draught of air. 

In June of 1902 Dr. M. G. Rasch read a most instructive paper 
before the International Tramways Union on the '^Rating of Motors'^, 
with special reference to the German regulations, which give, as a 
general rule, the following limits of rise in temperature, assuming the 
atmosphere not to exceed 33° C:—“For armatures with cotton insula¬ 
tions, SO^’C.; for paper insulation, 60° C.; for mica, amiant, or similar 
preparations, 80° C.; for field-coils, a further increase of 10° C.*' 

These limits are higher than those generally adopted in this country. 
It should be noted, however, that the rise of temperature in the field- 
coils is in Germany measured by the increase of electrical resistance, 
and hence the temperature of the interior of the coil and not merely 
that of the outside is measured, as is usual in Great Britain. The 
electrical test is obviously more reliable. 

Dr. M. G. Rasch, in connection with his experiments with tram-car 
motors, suggests the following formula for determining the safe period 
to test traction-motors in the test-room:— 

^ X 

/ + 28 (T - TO 

Where is the useful duration of the trial to be determined, T the 
time during which the car is to be out of the dep6t, T^ the time during 
which the^ motor is to be working (T — T^^ therefore gives the time 
during which the motor is not working), t the required rise of tempera¬ 
ture of the motor above that of the atmosphere, and 28 is a constant 
expressing the cooling effect per hour in degrees Centigrade, and is pre¬ 
sumably taken from practical observations. 

From this equation, if we take a rise of 70° C. for a day of fourteen 
hours, and assume the motor to be in actual use during one-half of the 
time, or seven hours, the time for a useful test at full load of the motor 
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is found to be about two hours. Other assumed conditions would, of 
course, give a different value for ;ir. The equation appears to agree 
with practical results, and should be useful in judicious hands. 

In making temperature tests great care should be taken to see that 
carbon brushes do not press unduly hard on the commutator, and that 
there is no sparking, as the heat generated by one or both of these causes 
is often considerable enough to make the tests unreliable. 

Mr. M. B. Field, in a recent paper read before the Glasgow Local 
Section of the Institution of Electrical Engineers, gives the following tests 
of a tram motor illustrative of these important points:— 

Test I.—One hour’s run; brushes sparking badly, and friction of 
carbons on commutator excessive. 

Final Temperature of Armature, - 68'’ C. Rise, 49° C. 

„ „ Field-Coils, 70” C. „ 51° C. 

„ „ Commutator, 111° C. „ 92° G. 

„ „ Atmosphere, 19° C. 

Test II.—Same motor, same load; one hour’s run, with brushes properly 
adjusted, and no sparking. 

Final Temperature of Armature, 68° C. Rise, 48° C. 

„ „ Field-Coils, 67 °.sC „ 47°.5 C. 

„ „ Commutator, 63° C. „ 43° C. 

„ „ Atmosphere, 20° C. 

The difference between the two tests is sufficiently obvious. 

Motor Designing.—The mechanical details require most careful attention. 
The armature shaft must be sufficiently stiff to resist twisting and bending. 
Messrs. Paterson & Cooper specify the maximum deflection at full load 
not to exceed 0.004 of an inch. The core plates and end rings must be 
rigidly keyed to the shaft or to a stout spider, and should be slotted so 
as to give a positive drive to the windings. The coils should be former 
wound and be interchangeable. Ventilation ducts should be provided in 
all but the smaller sizes. 

The commutator is now invariably made of hard copper, stamped to 
the required section and insulated with best mica, preferably Indian. 
The whole should be mounted on a sleeve keyed rigidly to the shaft. 

Messrs. Bruce, Peebles, & Co. build up the sections in a special jig, 
and then compress them by means of an outside clamping ring forced 
on hydraulically, the whole being previously heated to a temperature of 
150° F. Whilst held thus, the bush is firmly bolted on and the clamp¬ 
ing ring removed. On cooling, the whole commutator sets so fiimly 
that striking with a mallet does not affect the bars. 

The outer diameter is usually adjusted to give a surface velocity adapted 
for carbon brushes, not exceeding, say, 2,000 feet per minute, a higherjpeed 
being apt to give rise to excessive heat, and to make commutation difficult. 

Carbon brushes are practically essential to fix the lead for varying loads 
in motors built to run in both directions. In no case should the current 
density exceed 40 amperes per square inch of brush surface at full load. 
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Also the brush and brush-holders should be “rush Ted 

,„d positive adi«. requiting little ™ll M 

I I order to eliminate al- 

I e.„„.vir 7 l llih i terations of “lead”. 

’T"| The pressure of the 

i j I carbon blocks should 

1 f J &j I j_be maintained constant 

f' --}--J brush COPPER ■ 005 xi 34 'w,oe r\XSi throughout the wear of 

p I ^ the blocks. 

! I I ^ In my experience 

.r„.l j j 6est types 

j i of carbon brush-holder 

j.,--4'/2'----^1 is that shown in fig. 

j 190, which appears to 

i j embody the points 

'Y'i 1 1 I y, have found it to give 

j. ^ ! o (? i P I excellent results when 

ill : "''i I ! If other types of brush- 

—!—r*-^ —f holders failed entirely 

' ! ^ to prevent sparking or 

hea.ting’. 

F!g.i90.-Mo.orBnnsh.Holder(Blaokwoll) iHuStratCS 

the Eck carbon brush-holder. It is of the latest design. 

The brush, which has a convex curve a that fits a concave curve a 
in the holder, is allowed to turn slightly and to adjust itself to the 

periphery of the commutator at 

The carcass must give efficient 

fact, it should be built so as to 
Fig. 191.—Eck Patent Brush and Brush-Holder enclose these parts more or less 

completely. 

The magnetic circuit ihust be designed so that the slope of the 
characteristic curve gives the proper acceleration, and the maximum 
rated output must coincide with a definite part of this curve if the best 
results are to be obtained. 


Fig. 190.—Motor Brush-Holder (Blackwell) 




Fig. 191.—Eck Patent Brush and Brush-Holder 
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Fig 192,—Sectional View of Two-Pole Ltmdell Motor 

There are four sources of loss of energy in an armature, and all result in 
heat. 

They are, in order of magnitude, the C‘^R loss, the hysteresis loss, the 
loss in eddy currents in iron stampings, end plates (and possibly other 


The heating of the field-coils is practically confined to the C^R loss, 
and is readily calculated; that of the armature is not so easily determined. 


parts), and the loss due to the short circuiting of successive sections of 
the armature during commutation. Eddy currents in the conductors may 
be neglected in toothed-core armatures of normal design. 

Hysteresis loss varies as the number of cycles of magnetization 
per second, and eddy currents as the square of the same quantity, 


Fig. iQ-?.- View of •• Aston Cundell" Motor, showing the formation ot the shell 
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which is generally called the frequency or the periodicity. The latter 
loss can be made sufficiently small by using thin sheet-iron plates, the 
practical limits varying between o.o6 and 0.03 of an inch. The hys¬ 
teresis loss, however, depends on the weight and the softness of the iron, 
the magnetic density, the number of poles in the field-magnets, and 
the number of revolutions per second. 

Practical considerations keep the density in the core too low to cause 
much heat; but that in the teeth is often pushed to the point of satura¬ 
tion, say between 17,000 and 19,000 C.G.S., with an idea of minimizing 
the armature reaction, and consequently sparking at the brushes. The 

same effect, other things 
being equal, is attained by 
increasing the length of 
the air gap, and, it should 
be noted, without any ot 
the disadvantages atten¬ 
dant on reducing the width 
of the teeth. 

The number of field 
poles varies with the dia¬ 
meter of the armature and 
the required speed, and in 
order to keep the hysteresis 
low, should be as few as 
the design will allow. The 
importance of restricting 
the number of field-poles 
is obvious when it is re¬ 
membered that the iron 
losses usually average from 
25 per cent to 50 per cent 
of the armature loss, and that they vary directly with the number of 
poles. 

Further, in order to ensure a sufficient range of sparkless brush 
movement it is necessary to reduce the polar angle embraced per field- 
pole as the number of poles is increased. 

In practice the sum of the angles embraced by the poles of a two- 
pole machine is about 280 degrees, that for a four-pole machine about 
270 degrees, and that for a six-pole machine about 260 degrees. For a 
given armature it follows, then, that the number of teeth embraced per 
pole is rather less than the inverse proportion of the number of poles, 
and consequently, for a given total field-magnetic flux the density in the 
teeth will be greater with a six-pole machine than with a four-pole, and 
so on. 

To counterbalance this effect the radial depth of the teeth should be 
decreased as the number of poles is increased, for then the width at the 
roots for the same pitch of teeth is proportionately greater. 

Multipolar designs are a feature of modern practice, and have been 



Fig. 194.—Four-Pole Euclosed Motoi 
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arrived at chiefly because they permit of a compact, light, enclosed, and 
slow-speed machine, combining also, I believe, the important factor of 
maximum output for a given expenditure in material and labour. 

The only circular type enclosed two-pole machine with a single 
exciting coil is the well-known Lundell motor, illustrated in fig. 192, 
which shows a cross-section and the chief feature, the single field-coil, 
and in fig. 193, which shows the motor taken apart. This type is built 


up to 10 horse-power. Larger sizes do not present the same advantages 
over multipolar designs owing to the relatively smaller cooling effects of 
the round carcass. Better outputs for weight at given speeds are obtain¬ 
able from a multipolar design for large machines, and incidental diffi¬ 
culties are avoided. , . , . - „ 

Makers using less compact and therefore heavier designs for small 
two-pole enclosed machines are at a relative disadvantage to the Lundell 
motor of similar output and. speed; but all are on equal terms with the 
multipolar designs having a separate field-winding for each pole. 


Fig. i9S.-Six-Pole M.S. Type (Pedestal Bearings). lo Horse-Power and Upwards 
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These points have not been arrived at without much experimenting. 
The shapes of motor carcasses in the past have been as varied as the 
schemes of winding and brush details. Now, however, one general shape 
is found to be practically the best suited for ordinary purposes, and is 
adopted with but slight variations by all the chief makers. 

Leading Features of the Modern Motor.—The present type of the normal 
stationary continuous-current motor is, for the reasons discussed previously 

— except in small 
powers—always mul¬ 
tipolar, and the bear¬ 
ings are generally 
combined with exten¬ 
sions of the field-yoke 
to enclose more or 
less completely the ar¬ 
mature, commutator, 
and brushes. When 
these parts are ex¬ 
posed the motor is 
said to be of the 
“ open type. When 
they are enclosed com¬ 
pletely it is said to 
be of the ^‘enclo.scd” 
or protected ” tyj>e. 
When there are open¬ 
ings left for ventila¬ 
tion it is said to be 
of the '‘protected ven¬ 
tilated ” type. The 

Fig. i96.-Lundell ‘‘Protected Ventilated” Six-Pole Motoi differences of thc 

three types are illus¬ 
trated in figs. 194, 195, 196, and 197, which show the leading features. 

This shape of motor appears to demand castings for field-magnets and 
yoke in order to save costly machining and fitting, and many of the best 
makers employ them generally. These castings are made in steel on 
account of weight and space. The best commercial steel castings supplied 
by several Sheffield firms, and by at least one German firm, have a per¬ 
meability equal to, or even higher than, that of best wrought-iron; 7nde 
curves in fig. 198. These castings can be made with a fair approximation 
to a close magnetic specification, and most of the required shape.s are 
readily obtained free from blow-holes. Wrought-iron," although perhaps 
somewhat more certain in quality, requires costly machining 

The Johnston-Lundell Electric Traction Company’s new designs have 
laminated field-magnet cores fitted into cast yokes (Plate No i) which 
shows the general arrangement. The field stampings are made of high-ner- 
meabihty iron, and therefore heat less than castings, and further, the de.sign 
permits of very effective ventilation. It is claimed for this motor that it 
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has a higher output for weight, and a higher efficiency, than any make of 
motor on the market. Another important feature of ffiese motor" is the 
duplex carbon brush, an end view of which is given (Plate No. 2). The two 

oretnit^'Trr''''"^^ combined in 

one unit. The former minimizes sparking due to the short-circuiting of live 

latter conducts the greater part of ffie main 
. The makers state it is possible, by this means, to obtain a range 
of speed in the ratio i : 3 by shunt-control without the use of interpoles. 

Messrs. Bruce, Peebles, & Company build all their motors of from i 
to IS horse-power, with a framework of best annealed cast-steel, in one 
piece, round or octagonal in design, with 4 poles, accurately bored, faced, 
and machined to template, special jigs being used for each operation. 
In motors from 15 
horse - power upwards, 
the framework is cir¬ 
cular in design and 
cast in two portions, 
so as to allow of the 
armature being easily 
removed. There are 
4 or 6 poles, according 
to the size and voltage. 

Fig. 199 shows one of 
these motors taken 
apart. The excellent 
design and construc¬ 
tion are apparent. 

Mr. W. B. Esson^s 
well-known designs of 


Fig. 197.—Lundell “Enclosed Bi-Polar Motor, with doors open 


circular enclosed and protected types of motors are shown in longitudinal 
and cross section, and one of Messrs. Johnson & Phillips' 15-horse-power 
motors in figs. 200 and 201, the details of construction being clearly 
shown. Special notice should be given to the deep slots in the pole cores 
to reduce the demagnetizing effect of the armature. The longitudinal 
ventilating slots through the armature core are characteristic of best 
modern designs. The yoke-ring is bored out for the magnets and also 
at both ends to take the covers carrying the bearings, these being held in 
position by two set-screws. All this is lathe work. The motor can be 
fixed to the ceiling, or at any required angle, by simply turning round the 
bearing bracket to suit, and fixing it there by the set-screws. The brush- 
rocker, which consists of a circular ring with four projections carrying 
the brush spindles, is supported by the bearing cover, thus ensuring large 
bearing surface and rigidity. 

The brush-holders are illustrated in fig. 202, and are so designed as to 
allow a variation in the pressure of from 0.14 lb. to 3 lbs. by placing the 
steel spring in different notches provided for it. The weight of the moving 
parts has been reduced as much as possible, and the carbon slides in the 
brush-holder box at such an angle as to reduce the friction to a minimum. 
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Accordingly the carbon follows very quickly any slight unevenness of the 
commutator. surface. The current is conveyed from the carbon to the 
spindle by a flexible copper strip. 

An important exception to the use of cast-steel is seen in Messrs. 


Induction per Square C.ilf. 



Robert W. Blackwell & Co.’s “Universal” Motor, in which the circular 
yoke is made of soft Norway wrought-iron. 

The field cores are also wrought-iron turned and fitted into bored holes 
unaer hydraulic pressure, vide fig. 203. This illustration shows also this 
firm s method of reducing speed by back-gearing. 

The list price, speed, and output for the enclosed type of these motors 
are all about the same as for the Lundell two-pole single-coil motor; but 
















I- ■ jftimmm A togkudinal section 

makcTS »*«(: rant iron for statkinaiy motors when the weight and over-all 
<i!mcn».ionH arc not iiniK*rtant 

Cast-iron is readily made to almost any shape and is easily worked. 
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the weight H front 30 to 40 {>er cent heavier, and the probable cost of 
inathmmg certamiy apjieani to be greater. 


Ittium*, nkm fimri 

It should lie noicil here that considerable improvements have been 
matlc in the c|uality of soft-iron castings for field-magnets, and not a few 

































Fig. 201.—Johnson & Phillips Standard Motor, cross-section 
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for slight differences in the permeability of magnet castings by varying 
the field turns or by slightly altering the air gap. 

The armature core plates are, I believe, chiefly made from the best 
charcoal iron, although some are made from soft steel. My own experience 
favours iron, as I have had some unfortunate results with steel plates owing 

to the hysteresis loss 
being much above the 
average. 

It is evident that 
the output for weight 
must be much less 
with the entirely en¬ 
closed motor, owing 
to the difficulty of 
dissipating the heat 
spent in the field and 
armature iron and 
windings. Hence this 
type is relatively 
costly, and is only used 
in special cases. The 
protected ventilated type has been found to be best suited for ordinary 
factory driving. The enclosed ” type is preferable for traction work, and 
generally for all outdoor applications. 

In order to increase the cooling surface of enclosed motors some makers 
have devised radiating gills on the yokes or end pieces. They are 

troublesome to cast 
and difficult to keep 
clean, but they cer¬ 
tainly tend to keep 
down the tempera¬ 
ture. 

EflBLciency of the 
Electric Motor. — The 
high degree of effi¬ 
ciency attained in the 
modern electric motor 
is best realized by con¬ 
tinuous curves show¬ 
ing the efficiency from 
light to full and over 
load. Figs. 206, 207, 
and 208, taken from tests of Lundell motors, may be taken as typical 
of the best practice. 

It is seen that even at I load the efficiency is far higher than that 
attainable with a small gas- or steam-engine, and from J load to an over¬ 
load of about 25 per cent the curves of motors of 3 horse-power and up¬ 
wards are practically flat. As motors are usually worked within these 
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3 H.P. SHUNT MOTOR. 

ROUND TYPE 230 VOLTS 

SPEED 1240-1200 

FIELD CURRENT .45 AMPS. WARM. 
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Fig. 207.—Efficiency Curve of Lundell 3-H.P. Motor 
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LH.P. SHUNT MOTOR 

ROUND TYPE 230 VOLTS 

SPEED 1330-1250 

FIELD CURRENT .25 AMPS. WARM. 
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Fig. 206.—Efficiency Curve of Lundell i-H.P. Motor 
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limits it follows that for variable work the all-round efficiency is higher 
than that obtainable with any method of driving. 

As already pointed out, the efficiency of the electric motor depends 
upon keeping the iron and copper losses and mechanical friction at a 
minimum, and the best results are attained when the energy wasted in heat 
is a minimum and the- cooling effect is a maximum. 

The copper losses are small when the number of amperes per square 
inch of cross-section is small. Practical considerations fix definite limits, 

which are from 25 cm 3 
to 3000 amperes per 
square inch for arma¬ 
ture and about 800 to 
1000 for field-coils. 

The iron . losses 
depend on the weight 
and quality of the iron, 
the length of the mag¬ 
netic paths, and the 
density of the magnetic 
flux. The former are 
defined by the geo¬ 
metrical lines of the 
motor, and the ten¬ 
dency of modem prac¬ 
tice has been already indicated in the vogue for the multipolar variety 
with a round field. 

The magnetic flux is also fixed by practical considerations for armature 
cores at about 10,000 to 14,000 C.G.S. lines, for teeth at from 17,000 to 
19,000 C.G.S. lines, measured at about one-third of the length from the 
root of the tooth, and in field-cores and yokes at about 12,000 to 15,000 
C.G.S. lines. Special designs will, of course, depart from these figures. 

The great importance of thorough ventilation is evident, as it lowers 
the resistance of the copper coils and increases the permeability of the iron 
by assisting to keep down the average temperature of the motor; and 
further, by doing this provides a margin for temporary overloads in excess 
of that permissible if the motor ran under the “rated” conditions at or 
near to the safe working temperature. 

Ventilation is secured by air-ducts in the armature cores and field-poles, 
and sometimes by fans forming part of the armature construction. 

Messrs Joseph Sankey & Sons’ new iron alloy “Stalloy” is likely to 
effect important alterations, in general designs, for the hysteresis and eddy- 
current losses are reduced to about one-half those in their alloy “ Lohys 
(See accompanying plate for comparative curves of watts lost per pound, 
for various values of B, and gauges of sheets.) With this material it will 
be possible to decrease the weight output and yet retain a high efficiency. 
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CHAPTER 11 

APPLICATIONS OF THF. F.Ll.CI RK' MOTf^U 

It will te convenient to treat the aj»|i!it atioi!*i of the e!r« trn iimtor 
imtler the foltowinj-j heaclH:— 

(a) Domestic, small tratles, puntps, tali'., 

(d) Drivint; fsicttiries, S;c. 

(<■) Driviitj' lifts, cranes, iSie. 

(R) Bonfittie Bum, Ae. 

The motor has so far not found a laijje firld in pijn-ly 
work, .although enthnsi.*ists have dr:iwn rosy jii« lures of the lij'litening 
of domestic drudgery by means of elrstiic jsaver, and |)K4iH«.d e.ono. 
mists have sought ft»r a cure for the real or fan. ied evils of erntjah/a- 
lion in the same source. 

The fact is, the numher of strictly domcsik uj»eralions which can 
be economically c,arrie«i out by ‘‘{Krwer” is limited; and further, small 
motors which are ahaie suitable for such jnirjr«»-a". jir« e..<iafdy run at 


r*gi aarinfi#tt riji:' r**., i*mw. .,,,54 

Moifir rati Hr* ! .iy ..M.r *J .j w 4.6 

reliitively high s|R<edH. Single sewing mar hiiic!* .nr n.mi nn iith osd 
economically ririvtrn by friction wheels from .» hofj 

Again, in<»st of the sujrjrly companies serve consumers .»i ,'<«t ..1 moti- 
volts, and it is not jKissible to build small, efticienl, and vei ilif.tp motnj . 
for .so high .1 pressure. Hence the capital outlay for motor plant I<*t pui.'ly 
domestic purjaiscs is often tt«> large U> jicrmit of the e< ..noijH> dm mg .<f 
single sewing-machines, IrkA or knife cleaners, and tlie like lind of imple 
m.ichine8 which are usually fountl in our htuncs. 

A large field for small motors is fouml in fan rlriving. 1 hr i< , . nt 
census of “Ihc Manufacture of Klectrical Apparatus .in»i Sufijdjr ' m 













279 


At*i*IJCATICiKS OF THE ELECTRIC MOTOR 


tli« llflitet! gives the 

4^y»grrg;ttc itf fan iiic.itorii for 
the* yt%ir I2,7l¥i liorse- 

|i*avrr, aiiti litis in spite of the 
si'/e. 

Aitifing the ImM - known 
i’'!rt!rir t\im .in* the Black- 
111.111* Siiii, anti Sioccu. Ulus* 
I rat; it Ills 1*1 the iwti fttriner are 
•hIiiiwii in figs. ami 2 to* 
1 liry are lypit-al tif the Imnt 

fiiiMhaii prariira*. 

I’Jia.'irir f»4ii nitiitirs are 
rilirii.i'%! wiiliotii exceplion 
wiiiiiiii ill m the loud 

i*i ciiii^ianl hir any sjxxxl and 
liirre is lilt risk of racing, 
'Tile fan t.ilaileH are built either 

iirrailair a large vofiime 
of air agaiitHi a, small water 
gauge, «r lo drive or exhaust 
a siiiallrr voliiiiie agiiinit a 
kii^'k iirrssiirr. Since the work 
in ;i fan* and llierehire the 
s|.ic.x:*d liiid curreiil, is alfectal 
liy a wind acting with or 
agaifiil the si k desirable 



Hf. tii.—I>«ik Fan (Gencml Electric Company) 



fli, *fi -i rtn rnmMeOmn^f) 


to fit a suitable fuse or maxi¬ 
mum current release to large 
fans. Otherwise there is 
much risk of burning, the 
motor windings when a strong 
natural draught is opposed to 
the fan. This has happened 
occasionally with fans in ex¬ 
posed positions, or exhaust¬ 
ing through long ducts with¬ 
out hoods at the outlets. In 
small fans gauze brushes are 
used in order to avoid the 
occasional irritating noise of 
carbons. Most types of fan 
motors are fitted with con¬ 
tinuous lubricating devices, 
and the vertical shaft bear* 
D ings are fitted with ball-bear¬ 
ing thrust-blocks. 
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A reference to electric fons woiikl be iiicaiiiiilclc 

flic tir‘4 

111:4 1411 % 114% 

2il 411 ti 

Ikilii tif liirst* lyfwi 

4rr r%.%t:*iili»i||y li^i- 

ilir%lsi:. 4liii III 111 4 
ifiVrilii.iiiltt, 

.irr fi'4i!fi llir %.4 
tile (rriirf4l l%lri> 
ll i*: t4lit} 
4 If! sif I Ilf* 

11*1**%, 

I llir ill* 

tM**4 !ilir% «if ■filial} 

I’lf. |*y|« hMmtt it * *111 I I id 

^ iiiiii I II E tm CuftMti I' ||*if %r 

t||4l «if 

Robert W. Bluckwel! & Co. The illn^tr^inl iii 114,. 



fig. tl| ■ ** i d**# 


It is protolcti and vcntilatud, and rttlrd vi.ith ba.k n'-n. Ttir 
of the countershaft c-an lx* varial from fioo to .psj rfvohm..ji* ih j umniU\ 
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according to the ratio of the gearing. The motors are wound up to 
250 yo ts, and are supplied with regulating resistances controlling the 
speed within definite limits. 

In addition to purely do¬ 
mestic applications small 
motors are most useful for 
dental machines and other 
special small machine-tools. 

Fig. 214 shows a Blackwell 
double - reduction change - gear 
motor designed to reduce the 
speed of the pulley to about } 
or -J- that of the armature. 

Fig. 215 shows a small 
motor with idle pulley attached 
to the frame. This is most 
useful for difficult drives, and 
will be appreciated by en¬ 
gineers and factory managers. 

Figs. 216 and 217 show two 
applications of these small 
motors to the printing trade. These illustrations are self-explanatoiy 
to the expert printer, and are typical of numerous special machines 
in almost every trade. Indeed there seems to be no limit to the 
special applications of the * electric motor. 


Fig. 215,—Blackwell “Jenuey ” Motor, complete, with Idler. 
Small size 



Fig. 216.—Blackwell “ Jenney ” Motor attached to a Hoe Tml Cutter, for the Printing Trade 


The electric motor is largely used for pumping of all kinds, and this 
application is treated fully in the chapter on mining. Here it will be 
sufficient to illustrate two of the most common cases for electric drives. 
Fig. 218 shows a Bruce-Peebles motor coupled to twin centrifugal pumps 
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and %. 219 one 
of tile Scime lirni^s 
motors direct - 
geared to a set 
of three-throw ver¬ 
tical pumps. The 
excellent motor 
made by this firm 
has been men¬ 
tioned already. 

Attention is di¬ 
rected now to the 
sound mechanical 
arrangement indi¬ 
cated in the two 
illustrations. 

Steam - boiler 
feed-pumps are ad¬ 
mittedly wasteful 
of steam, and many 
power - stations 
are now equipped 
with motor-driven 
pumps. The ar¬ 
rangement shown 

compact, efficient, and provides 220 is 

Fig. shows a 


Tenney- to Hc« Curve-PIate Shaving-Machine. 



-“ Fumps 

hig% oS to™ “a"; r- a 

rranged at a right angle with it. 
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On tlih Hhaft h inou ited a magnetic dutcL The fixed part of tne 
which in the ^ 

illu- 4 tr.iti»»n has a 
tlruJiJ - hkc* apiHtar- 
iuuf, is ki,*yftl i*' the 
fhaft. anti the 
piillfy which h«nns 
thf arinatnre ttf 
r lut« ii is tVeir It* rf>- 
tait* wjutn the shaft, 
l ilt* clutch maijnet 
ti<il is it»imt*ttwi in 
M*iirs with ll»«. motor 
tin«High a two-way 
switt Jj, wltich in f»n« 
jtit-.ition cuts out the 
magnet foil anti sets 
tl)f rojir jiulley fret;. 

In th«:t»tiser |K»siuon 
!tii**ailti hoUls’ the DoubleGeat 

mtomallclly in time with ftn ™ine of 
l,v toothal n'lirel c-nrlPB »»<1 » ^ ’ 




«.a«d to Th«.--n.«w Pump. 


nn* fixed to the toothed wheel, which alternately 
‘■5 i. o,v». The ien^K of 2P;"“f 
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the swing the switch is in position to energize the electric magnet. The 
motor then winds up the rope until the punkah reaches the top of its swing, 
when the second pin throws over the switch arm, the clutch releases, and 
the weight of the punkah brings back the pulley and toothed wheel until 
the pin comes into contact with the switch arm. the magnet is again 



Fig. 221.—Mavor & Coulson Electric JMotor-Driven Punkah 


energized, and the cycle re-begins. The motor is thus kept constantly 
running in the same direction, and the reciprocating motion is pro¬ 
duced automatically in step with the period of swing of the punkah. 
The worm shaft driven by the motor may be extended, and a row of 
punkahs, each controlled by a separate clutch on the shaft, may thus be 
driven by one motor. 

The motors are made in standard sizes—horse-power, J horse¬ 
power, and I horse-power. 


(b) Factory Driving 

One of the best fields for electric driving is found in factories of all 
kinds where power is essential to efficiency and economy. 

Indeed there are probably few, if any, operations performed by gas- 
or steam-engines which may not be accomplished at least with equal 
efficiency by the electric motor, and in the majority of cases better 
all-round results are obtainable. 

The most apparent advantages of an electric drive for such purposes 
are— 

(1) Good speed regulations for varying loads. 

(2) High relative efficiency at all loads. 
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(3) Economy of space occupied by the motor. 

(.|) ICconouiy in prime cost of power. 

(5) I'Conoiny in transmission and in application. 

( 6 ) Ah.sencc of heavy foundations. 

(7) lueedom from vibration, noise, or smells of any kind. 

(H) lUlendance reduced to a minimum. 

(9) Skilled attention unnecessaty, except for occasional surveys. 

fio) Risk of breakdown comparatively slight 

tii) \\earing parts few in number and cheap to replace. 

!.U) Small capital outlay. 

(13) Simdl consumption of energy, because the power is automati¬ 
cally adjusted to the load. 

'ihis list by no means exhausts the “points” of an electric drive; 
it merely indicates the chief features. 

l'V»r factory purposes it does not often happen that motors of less 
tli.m I ht>rse-power are required, and more frequently machines ot 
from I tc» 15 hor.se-{x>wer are found to be the most suitable. In laying 
• >nt a mnv factory, or in altering an established one from gas or steam 
U> electric driving, there are several broad issues to be considered and 
weigheti very carefully before the scheme be decided on. 

iMfst, the operations to be performed should be considered. Whether 
they are mainly continuous or intermittent Whether all the plant 
must lit* kept running, or whether part of it may be shut down for 
lieritKls without .seriously affecting the economy of the operations, &c. 

I*'»r example, in a bwt-factory the hand-work and machine operations 
are generally arranged so as to balance only when all the plant is in 
use. In an engineer’s shop or a printing establishment, on the other 
hand, it is generally absolutely necessary to run separate machines or 
gruiips of similar machines independently. An efficient scheme will 
oin’imisly include suitable arrangements to meet these several require¬ 
ments. 

It thus hapf>ens that in some instances one or two large motors 
may lie conveniently arranged to drive a small factory through line 
shafting more economically than a number of smaller motors connected 
to sejjarate drives. In other cases, such as printing establishments, it 
in usually found more economic, in spite of the increased capital out¬ 
lay, to drive each large machine by a separate motor. The Dazlj/ 
newspaper, for example, has all the large presses separately 
tiriven, and the Linotypes are driven partly in groups and partly off 
separate motors. At the Sussex Daily Paper offices I found it 
more convenient to drive the Linotypes from a common shaft with 
two motors, one being a re.serve, each motor having a fast and loose 
pulley. 

In many instances, however, it appears to pay to drive Linotypes 
separately, and Messrs. R. W. Blackwell & Company have introduced 
froin America a Jenney geared motor which is attached to the Linotype 
machines as shown in fig. 222, so as to form practically part of the 
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machine. The power absorbed is only lOO watts, and the speed can 
be regulated by means of an auxiliary field winding between 63 and 
70 revolutions per minute to suit the average operators. The motor 
actuates the machine through a clutch gear-wheel. 


Except in special cases it will be found that it does not pay to put 
in motors smaller than S brake horse-power or larger than lo horse¬ 
power. Each motor should drive a length of shafting from which 
one or a number of similar machines may be run. Machines requiring 
more than lo horse-power are generally driven more economically by 
separate motors, especially if they be intermittent in operation, as this 
reduces the power lost in shafting. 

The power lost in main and line shafting and belting is usually much 


Fig. 22a.—Complete Linotype Machine, with Blackwell ** Jenney” Motor and Clutch Gear-Wheel fitted 
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gi eater than the owners suppose. Careful tests have been made during 
recent years by competent observers in a number of industrial concerns 
with results that have caused much astonishment. The tests show a 
I0.S.S in shafting, bearings, and belting varying from 15 per cent to 80 
per cent of the total indicated horse-power of the engines. 

\V. Arthur Ker stated, in a paper read before the Liverpool Engineer- 
mg Society in 1900, that the constant loss in shafting in seventeen 
different workshops amounted to an average of 42 per cent of the full- 
load output. 

E lather gives in Dawson's Pocket-Book a list of nineteen large work¬ 
shops having losses of from 15 to 80 per cent, and an average of 38.6 per 
cent. 

E'essenden found the mean of tests on 108 shops to average 69 per 
cent. Hawthorne in fifty-five tests found the average loss to be 26 per 
cent. Gibbs in a series of tests found 55 per cent of the power to be 
lost in friction. 

Raworth, Selby-Bigge, Lacey, Clirehugh, and Sillars have also arrived 
at similar results, and I have also found the shafting losses in printing 
establishments, boot - factories, and other works to agree with the pre¬ 
ceding. 

Some recent figures are given in the following table, compiled by 
D. Selby-Bigge for a paper read before the Iron and Steel Institute at 
Diisseldorf, in the autumn of 1902:— 


Nature of Work. 

i 

ii 

w 

P .9 

'o 

(U 

w 

Horse-power 
per 100 feet 
Shafting. 

P 

w s. 

g 4 
& g 

0 ^ 

K 8. 

t-i 

OJ 

& 

W 

Wire-drawing and polishing 

400 

39 

1 

“S’ 

t4.o 

0.58 

0*37 

1.76 

Steel-stamping and polishing 

74 

77 

1 

9.8 

0*35 

0.84 

2.4 

Boiler and machine work ... 

38 

65 

1 

¥ 

4-77 

0.21 

0.55 

0.48 

Heavy machine work 

112 

57 

I 

S-7 

0.23 

0.58 

0*45 

Light machine work 

74 

54 

' I 

8.0 

0.4 

0.69 

0.12 

Manufacture of small tools 

47 

52 

I 

2.5 

0.23 

0.24 

0. II 

do. do. 

190 

57 

I 

4-36 

0-43 

0-39 

0.21 

Screw machines and screws 

4 _,_—----- 

241 

47 

I 

6-33 

0.38 

0.63 

0.23 


It must not be assumed that these high percentages necessarily imply 
uneconomic working; so much depends on the total power required and 
the nature of the operation. The electrical engineer, in investigating such 
problems, should carefully balance the cost of the existing system of 
driving against the interest, sinking fund, and maintenance of an electric 
drive. In some cases it will be found that the interest on capital outlay 
due to scrapping of old and purchase of new plant added to revenue 
charges will be so large as hardly to warrant a conversion, having regard 
to the interests of the shareholder, although there would be no question 
as to the proper course if starting de novo. 

There are few publi.shed records of the variations in demand Gir 
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power with a number of machine tools driven from a single-line shaft. 
Indeed a recording ammeter is necessary to show the variations accurately, 
and this instrument is not in common use. The diagrams in fig. 223, 
taken by Mr. W. A. Ker and published in the paper already referred to 
here, are therefore specially interesting. They were taken during the 
ordinary working of the shops of Messrs. C. 81 A. Musker (Limited), 
Tuebrook, and are indicative of everyday motor driving. It will be 
seen there is a considerable variation in power from minute to minute 
on each line shaft. 

A point of much importance is the average number of machines likely 
to be running at once. Mr. W. A. Ker found, from a large number of 
observations of various line shafts, that two-thirds of the total number 
of machines was approximately the average number running at once. 
This agrees well with my own experience in various shops. I find the 
inequalities on the several lines of shafting tend to balance when there 
are a number of motors at work driving separate shafts, and given 
sufficient motors, the total average load does not vary much during normal 
working. 

In a boot-factory converted by me from gas-engine to motor-driving, 
it was found that with two 15-horse-power motors, one 7-horse-power 
motor, two 5-horse-power motors, two 3-horse-power motors, and one 
very small motor, the main ammeter showed an average load of about 
35 horse-power, with a maximum variation of less than lO per cent 
and generally less than 5 per cent, although the load on all the motors 
varied from minute to minute in a much greater degree. 

The net result with motor drives is that not only is the loss in heavy 
main shafting obviated, but, since a well-designed motor is capable of a 
50-per-cent overload for short periods and over 100 per cent for very 
short periods, motors of smaller rated powers are permissible for the 
several line shafts than would be safe with steam- or gas-engines; and the 
aggregate load, and therefore the power of the engine and boilers, may 
be much less than with the old system. 

These considerations help to explain how it is that much less boiler 
power is required to drive given works through dynamos and motors 
than with separate engines or engine driving through main and line 
shafting. 

Two instances selected at random from Mr. Selby-Bigge’s Diisseldorf 
paper will be instructive. At Messrs. Vickers Maxim’s ship-building works 
at Barrow-in-Furness the average coal consumption per month during the 
winter of 1898, with steam-power, was 476 tons; during the corresponding 
period of 1899, with electric power, the monthly consumption was only 
232 tons, being a saving of about one-half. 

Again, Messrs. Richardsons, Westgarth, & Company state that the 
output of their tools is now, with electric power, 30 per cent in excess 
of what it was with steam. With the old shafts and belts the workmen 
, were limited to, say, two or three speeds as a rule, whereas with an electric 
drive their choice of speed was much greater. This is a point that is not 
generally appreciated even by engineers. 




CROSS T 67 FEET 
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(o) Electric Lifts, Cnaxes. &c. 


IBB 



The electric motor is used largely to drive all kinds of lifting and 
hoisting machinery, and is found to be in many resjHicts more convenient 
than rope or shaft driving, and even steam or hydniulic power, and also 
is generally cheaper. 

The ease with which electric power can bt; economically transmitted, 
in spite of distance or position, obviously renders it sjK*cially applicable 
i.o»a valued pound. to » numlxT of puriKiSCS 

for which other forms of 
energy are unsuitable, or 
imfxissiblc on the score of 
either cost of installation or 
running charges. 

This is abundantly proved 
by the vogue for electric- 
hoisting apparatus in hotels, 
warehouses, factories, rail¬ 
way - stations, goods yards, 
&c.; while in battle - ships, 
cruisens, and merchant-ships 
auxiliary steam, hydraulic, 
and pneumatic engines are 
l>eing gradually replaced by 
electric motors. 

i'or the great majority 
of hoisting apparatus the 
motor is entirely iron-clad, 
and the field-magnets are 
compound wound, with the 
series turns assisting the 
shunt winding. This gives 
a high initial torque at 
starting, with small expen- 

Fig. 3.4.— Carv» of Central London Rkllwiy Lift ditUrC of energy. T hc 

series turns are frequently 
short-circuited when the required speed is attained, and the motor 
then running with shunt excitation cannot race. This arrangement con¬ 
forms to the mechanical requirements of most hoisting problems, and 
usually gives a higher efficiency than is possible with any other. Some 
modem lifts, however, are actuated by shunt motors; but it is difficult to 
see any advantage in the arrangement except simplification of the con¬ 
troller details. The economy of an electric lift is seen from the follow¬ 
ing:— 


mm 


mmmm 

■m 
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The averages of the tabulated data are:— 

Electric lifts = o.09S<^. per round trip and 12.6 round trips per penny. 
Hydraulic lifts = „ „ 3*24 » „ 

It is thus seen that the electric lifts average rather less than one-third 
the hydraulic lifts as regards cost of power. 


TESTS OF AN EASTON & COMPANY'S ELECTRIC GOODS LIFT. 
By Albion T. Snell. 1902. 


Load. 

Direction. 

Time in 
seconds. 

Amperes. 

Watts. 

B.O.T. units 
per trip. 

Light 

3 J 

up 

down 

50 

33 

too small to read 
8-5 

3-740 

'.052 

5 cwts. 

up 

33 

I.O 

440 

.006 

)) 

down 

33 

4.0 

1.760 

.024 

10 cwts. 

up 

33 

4.0 

1.760 

.024 


down 

33 

2.0 

880 

.012 

15 cwts. 

up 

33 

8.5 

3-740 

.052 


down 

33 

too small to read 



In the preceding tests the average speed, including starting and 
stopping, was 66 feet per minute, l|ie maximum being about 80 feet per 
minute. The average energy per round trip (up or down) did not exceed 
0.06 of a Board of Trade unit, which at zd, per unit is equal to o.i2<^. 

Since the average journey is probably only half the full distance, 
the cost per average journey (up or down) is o^o^d, say 33 average 
journeys per id, 

Mr. G. Rosenbusch, A.M.LC.E., of Messrs. Waygood & Otis (Limited), 
has been good enough to give me the benefit of his and of his firm’s 
large experience in connection with electric-lift work, and I am thus 
enabled to give the following description of the electric-lift motor with 
some most instructive blocks:— 

The considerations governing the motor are, that it must start quietly 
under heavy load, run at nearly constant speed under varying conditions 
of loading, and have a large overload factor. The motor speed is governed 
by the method adopted for transmitting the rotatory motion of the 
armature to the vertical movement of the cage. The reducing mechanism 
for operating the slower-speed apparatus must also be efficient and noise¬ 
less. Of the several mechanical combinations available, worm gearing 
has been chosen in most cases as the most suitable on account of noise¬ 
less running, high-ratio speed reduction, compactness, and sound mechanical 
construction. It is efficient when properly made, and numbers of recent 
tests show that worm gearing is now made of over 80 per cent efficiency, 
^d in some cases of approximately 90 per cent. The motor is coupled 
in line with the worm shaft, and actuates a winding drum or friction sheave 
on the worm-wheel shaft 

It is desirable that the net load to be moved, neglecting friction. 
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should be as nearly as possible always zero, because then the work done 
is a minimum. In other words, the live load, together with the necessary 
dead load of cage and accessories, should be counterbalanced. This 
means that the drum in turning operates two separate masses in opposite 
directions—namely, the cage with its live load, and a counterbalance equal 
in weight to the cage plus the average load carried, so that the cage is 
overbalanced. In lifts of large capacity this overbalance is of considerable 



magnitude, sometimes reaching from 5000 to 6000 lbs. The maximum 
net load is thus reduced below the live load, and a smaller capacity 
motor can be used, ensuring economy in prime cost and reducing the 
friction losses, which are constant. 

This method of loading, together with the resultant possible conditions 
of equilibrium, determine the kind of motor to be used. For the net 
load may assist the motor when an empty cage ascends or a heavy load 
descends; or it may be against the motor when a heavy load ascends or 
an empty cage descends; or it may, in various intermediate states, ap¬ 
proximate to equilibrium. It follows, then, that current may be taken of 
varying amounts from zero to maximum, or current may even be gener¬ 
ated, irrespective of the direction of motion of the cage. Fig. 224 is a. 
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curve of a test of a lift on the Central London Railway, and fig. 225 
that of an average-sized lift. They show the large variation of power 
under normal working conditions to which lifts are subjected. These two 
sets of curves are worthy of special study, since they show the order of 
the amount of current which can be generated by modern lifts under 
conditions of normal running. Both figures have current values for the 
ordinates and load values in lbs. for the absciss®. 

In fig. 225, where the cage and live load balance the counterweight, a 
current of 15 amperes is required to overcome friction. As the live load is 



Fig. 226 —Diagram of Connections of Waygood & Otis Electric Lift with Rosenbusch Controller 


increased, the current varies positively or negatively as the cage is ascend¬ 
ing or descending. With an out-of-balance load of looo lbs. conaing down 
the current is zero. Similarly, 2000 lbs. in the same direction generates 15 
amperes. And an ascending out-of-balance load of 1000 lbs. absorbs 35 
amperes, and 2000 lbs. about 60 amperes. The preceding quantities are 
roughly estimated from the scale of the curves. 

The “up” and “downvalues of current are in these cases not quite 
proportional to the relative load, owing probably to the different efficiency 
of the motor under the two conditions of a receiving and generating 
machine, and also to the friction load being probably different under the 
two opposite conditions. The economic importance of generating current, 
however, is sufifipiently evident, and is doubtlessly appreciated in many cases. 



























Fig. 227.—Elevation of Rosenbusch Controller for Electric Lifts 

motors with differential gearing have the disadvantage of giving varying 
speeds, depending upon the effect the loading has on the series excita¬ 
tion, the extreme case being a very heavy descending load, which pro¬ 
duces a demagnetizing effect due to the current generated. On the 
other hand, the series windings, if cumulative, increase the torque when 
starting, thus increasing the rate of acceleration and yet restricting the 
starting current. The series coils are generally cut out when the lift is 
under way; but with heavy descending loads, and the rheostat partly in 
circuit so that the motor is not running at the full-line voltage, there is 
a tendency to an unequal rate of travel of the cage. 
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Although, when the energy is taken from a supply company or a muni¬ 
cipal authority, it is possible there may be difficulties raised on the part of 
the suppliers, since the current generated would tend to reverse the meter, 
and thus indirectly to register a credit to the consumer—an obvious source 
of trouble. 

Glearly a series-wound motor is not suitable, as the lift would be 
constantly running away like a tram-car on a loo-per-cent grade. Re¬ 
course is, therefore, had to compound or shunt motors. . Compound 










This gives a strong field, large torque, and rapid acceleration at start¬ 
ing, with high efficiency when under way. 

Also a shunt motor designed with a relatively low armature resist¬ 
ance will give almost constant speeds for both “ up and downunder 
most conditions of loading, in that the C R drop of the armature is small, 
and therefore the number of volts lost over the armature resistance is a 
small percentage to be subtracted from, or added to, the line voltage, the 
motor running as a motor or a dynamo respectively. 

A motor combining the above features, with sundry improvements 
introduced by Mr. Rosenbusch in connection with the brakes, produce 
probably the best practice of the present day for lift work. The 


Series coils, however, necessitate two windings, with consequently less 
insulation space, and require an increase in the number of contacts on 
the controller, the latter being necessary to cut out the coil when full 
speed is attained. 

A simple shunt motor with a strong field, so that the excitation may 
be varied within wide limits, either automatically in the case of small 
lifts or by a switch in larger ones, is therefore sometimes preferable. 


Fig. 228.-—An American Type of Electric Lift Equipment with Unenclosed Motor 
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diagram in fig. 226, together with the illustration of the controller in fig. 
227, show the main features. 

Generally, a motor designed to meet the above requirements is of 



the four-pole type with laminated pole tips, having a -high degree of 
magnetic saturation so as to keep down magnetic inertia and to allow 
the field to build up rapidly. It is provided with high-grade carbon 
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brushes in radial holders, a large commutator, and simple \mdings. 
Mechanically, it must have the same factors of safety as" are provided for 
traction designs. Its commercial rating is generally stated at a fixed 
horse-power, but practically it is designed on the lines of a traction-motor 
or for an assumed load factor or duty-curve rating. It is capable of 
large momentary sparkless overloads, which are not determined by its 
heating rating, but are limited simply by the sparking limit, the strong 
field giving a preponderance of field ampere turns over the armature 
turns, with resultant large torque and sparklessness when running slowly. 

An open motor is most frequently used for lift work in America (see 
fig. 228, which is an illustration of an electric lift gear built in New York), 



Fig. 23i.-Central London Railway Electric Lift Motor, showing Inspection Covers and Coupling 


because open motors are cheaper, more efficient, and more get-at-able 
than the enclosed type. Further, it is easily coupled to a worm shaft, 

and a bearing can be saved. 1 u -it 

The motors used are generally of the type described by the illus- 

trations in figs. 229 and 230. The former shows the construction of one 
of the motors designed by Messrs. Waygood & Otis, ^mited, for general 
use with small lifts of slow speeds, the motors running at from 8 (M to 
950 revolutions per minute. The latter shows one of the same firm s 
designs for lifts of higher speeds, where electric braking is desired.^ I 
this type the speed can be varied from 4S0 to 750 revolutions per minute 
bv field excitation alone. 

Figs 231 and 232 are illustrations of the motors used on the Ceriteal 
London Railway lifts, and figs. 233 and 234 are test curves illustrating 

"interest is attached to these electric lifts on account of their 
capacity and the continuous work to which they are subjected for hours 







Fig. 232. —Central London Railway Electric Lift Motor taken Apart * 

to air and mechanical friction, to foucault currents and to hysteresis, are 
approximately equal to the total copper loss when the motor is carrying 
full load. This is frequently found to be the case when the various 
•elements of the design have the best proportions. It is interesting to note 
that the friction and iron losses have a maximum value at about one- 
quarter load, and steadily decrease as the load is increased; whereas the 
copper losses, of course, increase uniformly with the load. 

The efficiency curve indicates an excellent all-round performance, 
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every night and morning. The figures showing the motors assembled and 
apart are sufficient evidence of plain solid construction, with an entire 
absence of useless finish to the external parts. The test curves indicate a 
well-balanced design with small copper losses in both armature windings 
and shunt field coils (there are no series windings); while the losses due 
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V.«> HJ}; fftii "S j>f*r *«ni efficiency at one-quarter bad to 88 per cent at 
lolS alter wbkh Uic curve is practically flat up to an overload of loo 

|,ir!f i:.r||| 


i i ^ i § Volts AT 426 R.P.M. 



A «*llicic?ncy could no doubt have been obtained at 

I fir of H.tfrli' bv decreasing the air-gap; but as the curve would 

l. nr \w,-n k.H ll.it un t'he top, the average efficiency within the limits of 

w<tiild rcrlaiiily not have, been greater* 
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Fig. 234 shows th^variation of the magnetization-for different values of 
the shunt current An increase of from i to 2 amperes causes a rise of 
about 75 per cent in the magnetization, while a further increase to 5 
amperes merely raises the curve 30 per cent. The normal working ex¬ 
citation appears to be well over the knee of the curve. These motors seem 
to be designed for a full load requiring about 225 amperes at 250 volts, or, 
say, 56 kilowatts. , € 

The regulation of these lifts is effected by a pilot switch in the cage 
governing a pilot motor, which actuates the large controller, effecting the 
conges on the large motor connections. 










3194 















